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ROSCOE Energy Deposition by Debris Particles
Radar Blackout Code ( Loss-Cone. Ion-Leak , and Charge
Energy Deposition by X-Rays Exchange ’I
Energy Depositions by
Ultravi olet Radiation 

________ ______

V I , f , . _ r r r - / , ,~~ 
N Models of the high-alt i tude debris-energy partition and deposition have
been adopted for use in ROSCOE . The models for the debris-energy
partition and heavy-particle source spectra incorporate the work of
Crevier and Kilb for the loss-cone and ion-leak particles . The determi-
nation of the total ( an d spectrum of the )  UV portion of the kinetic yield
remaining after that assigned to all the heavy -particle motion is based
on the work of Fajen and Sappenfield. Representative point s in the spatial
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18 . S U P P l E M E N T A R Y  NOTES ( C o n t i n u e d )

EDITORS NO ’J’E

Volumes 13 to 17 w e r e  or ig ina l ly  pu i) l i  shed by SAl to describe the at m o—
geomagnetic , and h i g h — a l t i t u d e  ene rgy  deposi t ion and neu t r a l  heave

models for ROSCOE . This whole scs i  ion of code , when associated w i t h  an
appropriate DRIVE R subrout ine , operated as ~i p a ckage  that  ran independent ly
of the rest of the ROSCOE s t ruc tu re . Provision Was al so made , w i th in  t h i s
h i gh —al t i t ude  packag e , for  two complete 1~’ i ndepenc lent desc r ip t ions  of a t m o —
sp her ic  heave , each wit h its own des cr ip t ion  of a t m o s p h e r i c  chem ist r

When GRC incorporated th i s  section of code w i t h i n  the ROSCOE f rame-
work . some modificat ions were necessa ry ,  which  means that  some of the
descr ipt ions  in Volumes 13 to 17 are inappropr ia te  to ROSCOE as it now
ex i st s . In part icular , the N E ~L heave rout ines  ( deck N R L H Y D )  and
associated c h e m i s t r y  (de ck  N R L C I I \ 1 ’( ar e  not pre sent l y used in ROSUOL .
Three other subroutines are d i f f e r en t : s u b r o u t i n e s  A T M () St ’ , E lF , and
XTCOEF correspond to the  ROSCOE subrou t ines  A I ~~K)u . F X P I N T .  and
~VDX P respectively . W i t h  these excep t i ons ,  the  subro ut  ;~ ;es clescr h e i  in
Volumes 13 to 17 correspond exact ly  to  those cu r r en t ly  in FO~ ( ‘O F .

20.  ABSTRACT (Cont inu ed )

- di s tr ihut  ion funct ion  spec i f ied  for  the  loss — ‘ ‘ n ( and ion — leak pa r t ic l e s  are
used as e f fec t ive  source point s th rou gh  w h i c h  magnetic  f ie ld  l ines ai ’e i a  red
in the downward  di rect ion t h r  ~ i’~~ i the i n t e r c e p t e d  grid re~ is hi the  geocen t r i c
quacirupo le  coordinate  svst e : ’- ;  . Coi i ~’ r ’nt ional h e a v y — p a r t i c l e  i’~u ;r  r — e n e r o , v
theory  is employed alonc , t h e se  paths .  wi thou t  r e g a r d  to s p i r a l l i n g  e f f i ’o’i s . to
deposit the  energy of I hesi- h e a v y  p ai -t  id es in the  t r a v e r s e d  cel ls . ( h : ui ”. , t --

exch an g e  i art id es are deposited w i t h o u t  ro ga i’d to t he ma gn et  r f e  hl . Ph e
to t a l  heavy — p a r t i c l e  energ ies  depos i ted  by ine las t i c  and by e las t ic  c o l l i s i o n s
in each cell  are pa r t i t i oned  into vu rh  151 ~ modes and s p er i e -  wh i c h  are  u l t i  —

m a t e  iv made compatible  wi th  t h e  la t c -  — t i m e  g r i d  c h e m i s t  cv . The CV energy
gr ou ps , as well as the X — r a y  e n e r g y . are dep l l s i t  ed by t I -acing r u ;  pa ths
and cons t ruc t ing  l ine  m l  eg ’i’a is I ccl evant  spec ies  ) f r  m i  t h e  l ’\’ l’ ’ TSt  ;)oint t o

each cell in the  h i gh  —al t i t ude  gr id  t reated as a t a r g e t  cell ‘l ime  p or t  ‘ ; ‘ ‘1 a l l
h e ml p~ )sli edl enc ’rgv ava Lii l ie  f o r  h v dr m is coniput ed as well as me

in s t  a m m t u m i e iu s lv -p rodu c e c l  spel ’ ies t o  be used as s t a r t i n g  ( ‘ond it 11115 t o : -  t t ~-
subsequent hv c l i -o c lvn an :  h ’s and chemis t ry  . Here in  are pre~ enl ed I l l ’  Is l i i
t he  mod e l s  for  t h e  d eh r i s— e n e r c ’~ p a r t i t i o n  and ( l ep I l s i t  on , i n c l u d i n g  d e t a i f t i
I’ l l  1W r har t s 1 mc the  more comp l i r a t e d  r e m i t  i nes
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_ _ _ _  

1. CONTROL ROUTINE FOR DE POSITION OF THE ENE RGY IN
THE HIGH-ALTITUDE GRID (SUBROUTINE PROMPG)

Subroutine PROMPG, called by DRIVER , controls the deposi-

tion of the energy in the high-altitude grid (HAG). The overall procedure

is comp licated , as Subroutine PROM PG directly calls 12 subroutines

which in turn call an additional 26 subroutines. The tasks per fo rmed  by

Subroutine PROMPG include the following:

a. Tests whether or not the event point is above the bottom of

the grid. If it is, the program proceeds to the next task: if not, the

pro gram returns to DRIVER after  p r in t ing  an appropriate message. It

may be desirable to deposit at least the Group-y and pos sibl~’ the

Group-X energy for certain events below the bottom of the grid , but th is

feature has not been implemented yet.

b. Calls Subroutine BOUNDY to set up the a r ray  GR(NCEL )

for the geocentric radius to the top boundary of each cell NCEL in the

HAG. Subroutine BOUNDY is different  in SAIHYD than in NRLH~ D be-

cause the definitions of a cell bounda ry are dif ferent  in the two v e rs ions

of the hydrodynam ics.

c. Sets up the array RHOKK(NCEL ) fo r  the mass dens i ty  of

each cell in the HAG by appropriately calling Subroutine ECRD to get

successive columns.

d. Changes the geograp hic location of the event point by a

small amount so that if the event point is inputted on a cell boundary .

as it would be if it were placed , e. g.. at the origin of the quad rup ole

coordinate system , the event point would be moved off the bounda ry to

fac i l i ta te  the code ’s assigning the event point to the proper  cell in the

7
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grid. This movement of the event point is made by ( 1) convert ing the

geographic coordinates of the event point to quadrupole coordinates ~y

calling Subroutine GEOQUA , (2) multiply ing the quadrupole coo rdinates

by the fraction 0. 999997 to obtain the new quadrupole coordinates , and

(3) converting the new quadrupole coordi nates to geographic coordinates

by calling Subroutine QUAGEO.

e. Calls Subroutine INDEX to obtain the indices (IE C , JEC.

KEC ) of the event cell and the vertical fract ional-posi t ion pa rameter

(FRACB) for the event point within the event cell. A gain , Subroutine

INDEX is different in SA IH YD than in NRLHYD . The event-point indices

are printed and stored in EVENTX Common as members  of a r ray s .

f. Calls Subroutine PROPTY to obtain , pr in t , and store in

array PP(7) the following event-point properties: mass density. mass-

density scale height, heavy-particle temperature, and magnetic-field

strength , dip angle , declination angle , and dipole colatitude.

g. Moves the event point sli ghtly away f rom the center or

boundary of a cell if either of the quadrupole coordinates or the gem-

centric radius of the event point di f fers  from that of the cell center or

boundary by less than the f ract ion 10~~ . The new coordinate is made to

d i f fe r  f rom the cel l—center  or boundary coord ina te  by the  f rac t ion  3 “ 10

h. Computes the geocent r ic  cartesian coordinates (Xl , Y l ,  Z i )

of the event point , given the quad rupole coordinates and the geocentr ic

radius of the event point . The Z—axi s  is th rough  the quadrupole north

pole: the X-axis is through the quadrupole west pole.

I . Calls Subroutin e 1”11 FIfIS which serves as the  pr inc i pal con—
t I’ l l !  j  u t  i nc  fo r  c om p ut i n g  the pa r t i t i o n i n g  and deposi t ion I t t he  Group—D

( d e b r i s )  ene i’gv . Sub i - u t  n ’ DEBRIS c- nt r I m i s  16 subrout ines , inc lud i n g

direct  ( ‘mil ls  to Subr I  iu t i r e s  HDPA RT , CON SPC , LE KS PC . CHXS1~C. and
PI~I N r ; .

8



j .  Sets up the Group-U (ultraviolet) properties by (1) calling
Subroutine EUXFIT to get the energy in each of the five Subgroups L,
(2) establishing pressure efficiencies PREFF(L , I) for Subgroup-L
photons incident on Species I , and (3) establishing absorption coeff icients
XMU 1 of 02 for Subgroup 1 of Grou p U. (These latter two functions
should probably be done elsewhere.) The calculated pressure efficien-
cies follow the somewhat a rb i t ra ry  assumption in FS-73 that all photo-

electron kinetic energies below 10 eV , and 0. 80 of the kinetic energy of
photoelectrons more energetic than 10 eV , are thermalized;  the remain-
ing energy is discarded , as having been lost in radiative processes.

k. Computes the deposition of the Group-X (x r ay) ,  Group-U ,
and Group-CHEX (charge exchange) energies by making a t r ip le  DO-loop
over all the cells in the HAG, during which calls are made to the follow-
ing subroutines :

PLINE - Computes line in tegra l s , w i th  aid of Subroutines PINT and
BEDGE .

CHXDEP - Computes deposition of CHEX energy .
HPCHEM - Computes prompt chemis t ry  due to Group-D energy

deposition.

PHEAT - Computes heating due to Group-D , -X , and -U energies.
PCHEM - Combines results of Subroutines HPCHEM wi th  prompt

chemistry due to Groups X and U.

1. Stores in a r ray  BUF those cell quantities updated in Sub-

r out ine PCHEM and stored in the tempora i-v scratch area.

Figure 1 is a s i m p l i f i e d  f l ow char t  that su m m a r i z e s  the func—

t ions  p c i - t e r m e d  by Subrout ine I m R X T h I P G .  Figure 2 is a s impl i f i ed  f low
(-ha rt i f  the  t r i p l e  DO—l oop w i t h i n  Subrout ine  PROM PG that 1 op5 over

:ill  cells in the h AG .
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I I A X >  l~~ ik I f  ~~~~ -~~~~~~ l m m :  i’V i t N  )

c~,it noesn~’ ~ i-:ciw ~ set up a :  a , s ~ IUI OK K

GEOQUA to conver t  ‘ - ‘ ,: .ip h l c  cv i t  aO-i, ol event  s ’ i i , t
quadr u p i i e  c o o r d in a t e - . . t ) , ’- i i i : i c c  v: : : : ’,  ii ’ c i ,o r d in : t t v ’, :  of ev en t
point slight iv to the q: trh u~~~ii n . z t L -  - Cal l  QUAGE O t i  C er-r i
revised quadrupole cu, . r . l i i ~, i t  -‘- uf e e l - I - ’ , 

~‘ - : e ’ I c e-v r a p h ac
coord inates ,

rCall INDEX fo r  e v e n t — c e i l  in d i c e s  and t r a c t i o n a l - p o si t i on  p a r a~~~
T
~e~~1

I ~~~~~~~

_ _ _ _ _ _ _ _ _ _

Call PROP T’,’ f i r  ev e : l t - i . e ’i I : t  p;~iI~ ’r t l e s

Sli ght ly  di sp l ace  ev en t  r i l l i n t  f r o m  cell r en t e r  r i -  he i r - f ( r v ,  if r e v , ’

Compute  even t -po in t  . ,- ., c e n t r l c  c v r t e , - i a : ,  coordinates

Call DEBRI S f u r  de b r i s-e ne rr i r  pv ’- j ’: n c .  deposition

Call EUXF I T to get Group -1 ’  vol  - ‘v’up eneriries

________ JII_II

~~~~

Set up p r e s su re  e f f i i - i e n c L e s  for  ( ; r r..p -r  subgroups l

_ _ _ _ _  -- 
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Fig . 1. S impl i f ied  Flow Chart for Subroutine PROMPG Which
Controls  the Energy -Deposi t ion Routines.
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2. SOME AUXILIARY ROUTINES

2.1 SUBROUTINE BOUNDY

Subroutine BOUNDY establishes a one-dimensiona l a r ray

GR(NCEL) of the geocentric radii to all the cell top-bounda ries in the

HAG. This information is developed by using the cell-center height s

stored as cell properties and obtained by calling Subroutine ECRD.

Subroutine BOUNDY is different in SAIHYD and NRLHYD. As

di scussed in Volume 16 , the diffe ren t ia l -quadra ture  fo rmula t ion

of the Lagrangian hydrodynamics (NRLH YD ) does not employ the  concept

of a cell in computing the hy drodvnamic motion , as is done in the

difference-equation formulation of the Lagrangian hy drodynamics

(SAIHYD). However , the deposition of energy (in SAIROS) has been

formulated in term s of a cellular grid for  use with  SAIHYD . To make

use of this energy deposition procedure with NRLHYD , it is necessary

to establish cells and cell boundaries in\NRLHYD to correspond to the

same quantit ies in SAIHYD. Subroutine BOUNDY in NRLHYD establishes

such cell boundaries.

For N Lagrangian point s ( in i t ia l l y  specified in Subroutine

ATMOSG to be at the N- i  SAIHYD cell centers p lus one more  point at

the SAIHYD grid bott om),  the N-i  in te r ior  boundaries  are  def ined to be

m i d w a y  between the adjacent Lagrangian points .  For the top cell , the

outer boundary is placed so that the top Lagrangian point is at the center

of the top cell. The parameter  HA BOT. o r i g i n a l ly  i-cad in by DRIVER

in SE’I’ U P 1 as the bot tom of the  g r id  f o r  SAIHYD , is rese t  in A ‘I’MOSG to

b m ’ the bottom boundary  of the  1 Iwes t  NRLHY ’D cell. Since the va lue  of

h A  BOT is not allowed t (  I change wit h t i m e ,  the  hot i uni La r ; i n g i  an  p o in t

do es n I t  r em a m at the u t - n t  c i  m f the b ott I tm cell  desp ite  it  s not fl) lv i  nL~.

12 
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2 .2  SUBROUTINE INDEX

For a given Point X in geographic coordinates (GCX , GLX),

Subroutine INDEX calls Subroutine GEOQUA to compute the quadrupole

coordinates (QCX , QLX) of the point. Subroutine INDEX then f inds  the

indices IX , J’X , and KX of the Point X. If the Point X is to the quadrupole-

north of , quadrupole-west of , or below the grid boundary , index IX , JX ,

or KX is set equal to zero. li the Point X is to the quadrupole- south of ,

quadrupole- east of , or above the grid boundaries , the index IX , JX , or

KX is set equal to (NCELX÷ 1),  (NCELY+1), or (NCELZ+1 ) ,  respectively ,

and an appropriate warning message is printed. Subroutine INDEX also

computes the fractional-height position of the Point X within  the cell at

the tim e the subroutine is called.

li the Point X is on a quadrupole colatitude or east longitude

boundary , Subroutine INDEX identifies Point X as being in the cell for

which the boundary is the south or east boundary of the cell.

The version of Subroutine INDEX used with NRLHYD d i f fe r s

f rom that used with SAIHYD mainly in that ( 1) the ver t ica l -d i rec t ion

index (b C) has a plus or minu s sign associated with it to denote whether

the Point X is above or below the Lagrangian Point hOC , respect ively .

and (2) the fract ional-height  parameter  refers  to the f r ac t i ona l  d i s tance

between the two adjacent Lagrangian points instead of the f rac t iona l  dis-

tance within the cell (with both fract ional  distances be ing measured

upward f rom the bottom).

2 .3  SUBROUTINE PROPTY

Subroutine PROPTY computes the mass densi ty  t P P ( 1) ] ,  the

density scale height ~PP(2)I, and the heavy-part icle temperature [PP(
~ )I

of a given  Point X inside the flAG. By calling Subroutine BFIE LD,

13 
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Subroutine PROPTY also obtains the local dip angle [PP(4)], declination

angle [PP(5)] , strength [PP(6)j,  and cosine of the di pole colatitude

[PP(7 )} of the dipole magnetic field line passing throu gh the point .

1

14

_ _ _  ~~~~~~~--—-- - - - - -~~~~~~~~~~~~ ‘ -~~~~~~~~~~- - - - ‘-‘ -~~~~~~~~~~ - - - -~~



3. DEBRI S ENERGY PARTITION AND
PARTICLE-SOURC E SPECTRA

3.1 INTRODUCTION

Certain overall parti t ionir g of the total y ield LII ’  t h ree  selected

devices is given by Knapp et al. in Volume 12 ~ as part  el t he  GET

ROSCOE Model 3. This parti t ioning includes s tatements  fo r  the  fra c-

tional yields of x rays and hydrodynamics.  The additional pa r t i t i o n i n g

of the hy drod ynamics yield into several types of heavy-part icle  em is-

sions and UV emission , needed fo r  com puting the energy deposi t ion in

the HAG, is not completely understood. We have , of necessi t y , adopted

a specific procedure , but it certainly deserves review and i rrijn’ ovem ent .

It is convenient to classify the heavy — par t i c le  emis s ion  f rom

the expanding weapon debris-air mixture into loss-cone, ion- leak , and

charge-exchange (CHEX) particles even though the division among these

three groups is not unique. For our purposes , we consider loss -cone

particles to be debris ions that escape the bu rst region along the  inag-

netic field direction. Ion—leak particles are also emit ted along magnet ic

field lines but they are composed mainly of air  ions h eated by the  weapon

debri s expansion. CHEX particles are mainly fast neut ral a i r  atoms

born through ion-to-neutral  charge-exchange reactions w i t h i n  the debris-

air mixture.

Part i t ioning of the weapon kinetic y ield into loss-cone  and ion-

leak energies follows the prescr ip t ion given by Cr ev ier  and Kill) ~D V o l u m e

10 ~ as part  of the MRC ROSCOE Model 12a. The I r ac t  ion III  the

remaining kinetic yield emitted as CHEX particles is computed f rom the

RANC—IV fo rmulation [GE-70j. Thus, the sum of the lo ss-con e.  ion-

leak , and charge-exchange yields m s subt racted f rom t h e  t o t a l

15 
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hydrodynamic yield before the UV yield is determined by the prescrip-
tion of Fajen and Sappenfield [FS-7ia , FS-731. We do not discuss the

physical validity of our modeling of the hydro-vield part i t ioning;  we do
discuss and provide Fortran energy-deposition routines. Hopefully ,

future modifications of the hydro-yield partitioning will require only

minor m odifications of these routines.

3.2 HYDRO-ENERGY PARTITIONING

Partitioning of the weapon kineti c yield is summarized in

Fig. 3: the directed dashed line shows the computational order. The

energy indicated in each energy block is successively subtracted from

the remaining energy until the residual UV-plus-thern-’ial energy is ob-

tained. The partitioning int o the three heavy-particle modes is per-

formed by calls from Subroutine HDPART to Subroutines LOSCON ,
IONLE K, and CHXLOS. The final division into UV and thermal  energies
is performed in Subroutine EUXFIT.

I

LKb0000 

L ess-Cone fon - L v ’ , ik I CI lE X - ‘ ‘C\ -

a 
— 

~~~ E n c r , -t — 
I F — 

I I 
--—a _________ _~~~~ I ~~~~~~~~~~~~~~~~~~~~ - -

Fig. 3. Illustration of the Order of Par t i t ioning of the Tota l
Kinetic Yield into Loss-Cone , Ion-Leak, CHEX ,
and UV-plus-Thermal  Energies.
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3. 2. 1 Loss-Cone Energy

The energy fract ion in the loss cones , with neglect of collisions ,

is Vol. 10 , Eq. (2-23)  ~

(1)

where

= 
1.40 

B2 
~
wK z~~2 z~~21 

, : Vol. 10 , Eq. (2 -26)  (2)

and

E l = m i n ( E , 1) . = Vol. 10 , Eq. (2 -22)  (3)

Here , W K is Lie weapon kinetic energy in SIT , B is the burst-point

magnetic field in gauss , V d is the debris veloci ty in crn/ sec, na is the

air- ion density in cm 3, Z d is the debris- ion charge state , and Za is

the air-ion charge state. However ,  with collisions included , the energy

in MT leaving the burst region in the downward di i-ection is given by

r V o l  10 , l~. l4~

r 

‘ 

- 
2~ L

W
~~ d W K F~ L’~

1
~ 

~~~~~ 

1 - (P a / 2  ~ i~ 
12) J~ 

(4 )

where 
~a is the burst-point mass dens i ty , and the ene r gy  leaving in the

upward d i rec t ion  is given by IV o l . 10 , p. l4~

W~ = ~ W K F~ Ha~
0 1 ~1 - (P a / 2  ~~ iO~~1ü~ . (5)

The total energy in MT leaving the l)u l’st re g ion t h r o u g h  the loss cones

is V ol . 10 , Sub rou t ine  LOSCON

W W ~~\V . ( 6 1‘tc ‘ cd k - cu
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For more information about this  formulat ion the reader is referr ed to -

Volume  10.

The total f rac t ion  of the weapon kinetic energy (wi th  collisions
included) leaving the burst region in the loss cones is

f = W , W ( 7a)-c K

which , for  burst-point densit ies less than 
~a 2 ~

‘ io~~ 2 g - - c m 3 , is
ve i -y nea i-ly equal to the f rac t ion  F,~,c for  neglect of col l is ions.  For the
downward d i rec t ion  the fract ion corresponding to f~ is

f = \-V - ‘N - ( 7h )k- cd ~cd K

For p < 2  ~ io~~ 2 g ’ ci~
3 ,a

I ‘~- 0 . 5 f  (8)
~ d ~c

In F I g .  4 we have 1)lotted I as a funct ion of the kinet ic  y ield W . The
- K

curves have been drawn through points computed from the Subroutine
LOSCON given in Vol . 10 and used in SAIROS. The a l t i tudes  correspond

to densities from the CIRA— 196 5 Mode l-5 8-hr atmosphere [CI-65) : we
used B = 0. 5 gauss. Foi- the 150-km curve. 

~~cd

3 .2 . 2 Ion-Leak Ener gy

The energy  in MT moving downward from the burst region due
to the  i o n — l e a k  mechan i sm is L Vol. 10 , Eq. (3— 1)

I- 0 4 i
-12 ‘\ 0.04 (W 1

W i 1  = 0 . 45 W
I 

1 - (P~~/ 2 ”  10 W~ ) ( 9)
J

, ¼ t l c l ’O  

~‘~‘ i , g iv e n  l ) V

- 

~~K 
- 

~~~ ~ ( 10)
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Kinetic Yield , MT

Fig. 4. Fraction of the Total Kinetic Yield Escaping the E v e n t - P o i n t
Region by the Loss—Cone Mechanism , for several Event
Alt itudes. Cui-ves ai-e d r a w n  for B 0.5 gauss and the
CIRA—65 mean atmosphere. At 150—kin , the downward
fract ion f is zero.

‘cd

19 

- - - -



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

is the kinetic yield left after the loss-cone energy is removed. No stat e-

ment is made in Vol . 10 about the magnitude of the upwar d-moving  ion -

leak energy. Since we must know the amount lost by this mechanism in I
all directions to estimate the kinetic y ield left for subsequent yield

partitioning, we arbitrarily set the total ion-leak energy loss as 
- 

-

W. = 2 W .  . ( i i )
itd

Final determination of W. must be deferred to some future date.

The total fraction of the weapon kinetic energy leaving the -

burst region by the ion-leak mechanism is

f. = W , ~W . ( 12)
i~ - K

By our simplifying assumption in Eq. ( I i ) ,  we see that the f ract ion for  
-

the downward direction is -

~j~ d = 0. 5 f .~ . (13) 
-

~

In Fig. 5 w e hav e plotted f~ , as a function of the kinetic y ield W K. The

curves hav e been drawn through points computed f rom the Subroutine

IONLEK given in Vol. 10 and used in SAIROS. We used th e same input  ]
conditions as for  Fig. 4. -

3 .2 .3  CHEX Energy

Time constraint s did not allow us to develop a new model f or

the energy leaving the burst region via fast neutrals produced through

charge exchange. As an interim procedure we have just  applied the  
I

RANC IV model [GE-70 1 to the remain ing  kinet ic  y ield so that a place

for CHEX particles might  be fo rma l ly  introduced in the  codo.

20
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~~~ 10-2 i o-1 100

Kineti c Yield , MT

Fig. 5. Fraction of the Total Kinetic Yield Escaping the  Event -Point
Region by the Ion- Lea k Mechanism,  for  Several Event
Alt i tudes.  Curves are drawn for  B = 0. 5 gau ss and the
CIRA-65 mean atmosphere.  By our assumption the
downward fra ction 

~~‘d equals 0 .5  f~~.
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The RANC IV prescription for  CHEX-part icle  energy emiss ion

( in MT) , adapted to our needs , is

W h 
= 

~ 
(F CED 

F’
CEU 4 FCE ) W

2 
(14:u)

= W
K 

— W,~, - W~, , (141 )

where FCED~ FCEU , and FCE are coefficients ~tssociated with  the

downward , upward , and horizontal directions , respectively . In tcl - niS

of the burst-point mass density 
~~ 

the i r values are

(0.0 
~a

3
~~ 

~~~~

~ 10~~~ p 3 10
_ is 

~ p 3 -
‘

FCED = 

-0.27 1:(10
14 

~~ 
2.6 x io~~6 

a 

< 3 >  10
_ is (15a)

0. 98 
~a ~ 

2. 6 ~ io~~6

0.25 - -’ 10~~
3

’P ‘ 4 .65 >~
FCEC 0.25 x io 14 4 .65 ~ 

(15b)

j
3 x i 0 ~~

5 p 
~a

3
~~

6 -

) 0.95 i . i 5x 1 0 15 � p 3.16” i0~~~
F -- 

a ( i5 c)
CE 0 .2  ln( 10 17 

~~ 
io 17 

<~~ < 1.15>: io~~~

P a �10 1

Th e f r a c t i o n  of the weapon kinet ic  energy leaving the burst

r egion by the charge-exchange mechanism is

f = W ‘N . (16)
chex chex K

22 
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In Fig. 6 we have plotted f as a function of the kinetic yield Wchex - K
We question the validity of the predicted CHEX emission for  events be-

low 150 km. Some modificat ion of the model at low al t i tudes  is clear - ly

required.

3. 2. 4 Residual Energy for IJV and Thermal  Modes

After subtraction of the energies in the loss-cone , ion-leak ,

and CHEX particles , we obtain the energy left for the production of LV-

photon and thermal energies. If the residual enei’ gy is given ( in  M T (

b\--

W = W  -W  -W. - W  , 17)R K tc it chex

then the fra ct ion of the kinetic yield available is

= WR/W K . (18)

The fraction of the weapon kinetic energ’v available fo r  the LV and

thermal modes is plotted in Fig. 7 as a function of the kinetic yield WK.

3. 3 PART ICLE ENERGY DIST RIBUTION

Each source of fast heavy-particles has a d i f fe ren t  energy dis-

tribution. We record the distributions presently used.

3. 3. 1 Loss-Cone Spectrum

The veloci ty  dis t r ibut ion of downward— go in g  lo s s—cone  par t  i —

des is assumed to be Vol. 10 , Eq. ( 4 - 4 )  =
4

- 5 W  vdW ~cd -1
— = (MT sec cm 1 . I 19a )clv 5 5

V
2 

- V
1

23
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Fig. 6. F’ ract ion ,f T ta 1 Kinetic \‘ I eld F scaping the Event— P n nt Regi In
by the Char go-  Exchang e Mechan i sm.  I I ) r  Severa l  Ev ent
Al t i tudes .  Curves are  d rawn fo r  the  same  condi t i on s  .is in
F ig s .  4 and 5.
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10 - 10- 1O~ 10
Kinetic Yield , MT

F i g .  7. Fract ion of the Tota l Kinetic Yield Remaining for  the
LV and Thermal  Modes (IR) After  the Subtract ion of
the  Loss-Cone , Ion-Leak , and Charge-Exchange
Fract ions .  Curves are drawn for the same condit ions
as in Fi gs. 4 , 5 , and 6.

E quat ion 19a) is readily integrated to give an integral  ve loc i ty  distribu-
t ion  which  may be t ransformed to an integral  energy d i s t r i bu t ion .

W (~ E)  E 5 2  
- E5 2

‘tcd m m
UI — 5 ’2 Y2
~-tcd E ’ -

n~ax r’ n m n

where

E .  ni~ V
1 

(erg)  (20a )

E = rn d 
~2 (erg)  (20b )

1 2E — m v (erg)  (20c )max 2 d 2

V
1 niax 0 , ‘2 

- l0~ (cm sec) = V II . 10 , Eq. (4 -3) (20d )
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‘2 = ‘d 2 1O 7 (cm/ sec)  V O l . 10, Eq. (4-3) (20e)

-
~ 2. 7 -

. io 8 w~ 
27 

(cm sec), - Vol . 10 , Eq. (4- 1) (20f)

wi th  m d the debris-ion mass in g r a m s  and W K the burst kinet ic  energy

~n MT.

3.3. 2 Ion-Leak Spect ru m

The ve loc i t y  distribution of downward-going ion-leak particles
is assumed to be Vol . 10 , Eq. (4-11)

W .dW i~t~d -1— = (MT sec cm ) . (21 )dv v 2 - v 3

Equation (2 1) is readily integrated to give an in tegral  velocity distribu-
tion which may be transformed to an integral energy d is t r ibut ion ,

W, (~ E) E~~~
2 

- E 1 .2i~ d 
— mm 22 )Wi ,~d E 1’ 2  

- E 1 .2max nun

where

E , = -~- m v 2 (23a )nun 2 3

E -
~~ ~ ~ 2 (23b)

1’~ = — am v (23 c )max 2 2

wi th  am the ion—leak particle mass . “2 given I I \ ’  Eq. (20e ) .  and

1. 5 10~ (cm sec) . - 
V I I . 10. Eq . ( 4 - I l ~ 24 )
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3.3.3 CHEX Spect rum

The charge-exchange particle spectrum tends to vai”c wide l y

with burst  al t i tude , direction of emission , and the weapon expansion
velocity . To satisfy our immediate  needs we have assumed an exp l l-

nential energy distr ibution.  Examinat ion of earl ier  work  [HL-7 1,

HM-72b ] tends to lend support for  this  funct ional  f o r m .  Expl ici t  lv , the
integral energy spectru m is

W h (E)  
~~~~~~~~ - 

-aE 
‘ -

= ___________________

W h e
_ aE m~~ - e~~~~nax

with

a 10~~ (eVi~ ( 2 5b )

7 2
E - (eV ) = 

am (10 ) 
(2 5c )mm 2 >  1 . 6 >  io

_ 12

21-n
E (eV )  = , I25d )max 2> 1.6~ i0~~

2

m corresponding to a mass - IS  pa rt icle ,  and “2 given by Eq. (20e).
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4. UV SOURCE CHA RACTERISTICS

We have adopted the HARC-code prescription, given in our

Subroutine EUXFIT , for the UV spectrum as a funct ion ~~ the event-point

density and kinetic energy. This prescr ip t ion , based on calculations by

Fajen and Sappenfield ~FS-71a , Table I V :  FS-73 I, gives the f r ac t ion  1.

(i 1, 5) of the kinetic energy converted to LV in each ol f ive spect i-al

energy groups (wi th  energv-bi~ edges at 0 , 13. 6, 15. 6 , 17, and 30 eV) ,

according to the expression

2 2 2 2f. = ( a . x  + b.x -
~ c . )v t d .x  e.x f.  )y -

~ g.x + h x  - p. , (26 )
1 1 1 1 1 1 -

. 1 1

where

x = In K

y = ln p

K (KT ) = available kinetic energy

p (g / c m 3 ) = event-point density

Because of the approximate nature of the equat ions , the  t o t a l  f i ’ ac t i on

FItU ) is given [FS— 71a ] by Eq. (26 )  w i t h  a not her set ol i ’ I e l t  i - i e n t  S

(i = 7 in the code) .  However ,  the code l i m i t s  FItU to : m a x i m u m  value

of 0. 98. If e i the r  1. or FRU is n e g a t i v e  fI l m ’ c e r ta in  (‘ I i n d i t  I I  ) f l5  . 1 l s

set equal to zero. The intended [F S— 7 1a 1 ra nge of v a l i d i t y  I l l  Eq. (2 c )

is given by the expressions

8 : to 10 p ~ 6 ”

5~~~K �
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In the HARC Subroutine DSFIT , which we renamed EUXFIT

after making minor  changes , D. H. Sowle introduced a sixt h energy

group due to effective , low-energy x rays. The fract ion f~ is given by

F R X X E X
EUX

where

0. 01 F R U X E H
5 EUX

0.01 +
isi

EH K , EX is the x-ray energy,  and EUX is the sum of the Group-U

and an effective low- energy portion of Gi- oup X , given by

EUX = FRU X EH -
~- FRX X EX .

Here , FRX is given by

FRX = Max[0. 08( 1 - TBA REX) , io 6 i
TBAREX = f ract ion of x- m-ay energy escaping a 10-km i ’adius, obtained

by calling Subrout ine XTCOEF .

The f r a c t i o n s  f.  in Eq. (26) are normalized by the expression

_ _ _ _ _ _  

FRU~~~EHI i - 5 EUX 1= 1, ,)

0.01 ~ f.
i - i

One can v ’r i f v  that
5

~ 
f ’ + I I

i - I

The Fort ran \~I I - I ab Ies  for  f~ Ii — 1, 5) and f 1. , i r  F R ( I ) ,  I — I .  6 . FR~6’)

15 not used in t he  FlA G module .
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S. X- RA Y SOURC E CHARACTERISTICS
AND ENERGY DEPOSITION

To facilitate development of the HAG module , we used the

HARC Subroutine XTCOEF instead of the corresponding GET routines

for the x- i’a~’ source and deposition character is t ics .  By i m p r o v i n g  the

HA RC procedure for  x- ray energy deposition , we also eliminated use

of the HARC Subroutine XDCOEF , used for x - r ay  energy deposi t ion .

Our calculation of the x- ray energy deposition is done in Subi-outine

PHEAT.

The HARC Subroutine XTCOEF WM , TBA RX ) urovides the  ef-

fective enei- gv transport  co eff ic ien t  for  six spectral t~’pe s , each char-

acter ized by the value of an index (1 ~ IDSX ‘— 6). The argument  EM

(g/cm 2 ) is the in tervening  a i r  mass and TBA RX is the fm -act i on I f  the

energy reaching the depth EM. To prevent Subroutine XTCOEF 1 r I I O :

re turning a phy sically impossible value in excess of 1.0 (due to using

the same formula for  extrapolation as interpolat ion) ,  we revised the

routine by using the formula

TBARX = 1 - EM [1 - COEF( 1 , IDSX ) 1
10

for  values of EM less than 10~~ g - c m 2 , where COEF( 1 , IDSX) is the

coefficient for  the spect ral index IDSX.

To deposit x-ray energy . we use the formula

EX TBXJ N - TBXOUTDA IXX(e i ’g-  g) -i--- 3(p 3) (R~~~ - R . )

where  EX is the total x- ray ene rgy .  TBXIN and T BXOUT are obtained
by calls to Sub rout ine X T C O E F ( E M I N , TBX IN ) and XTCOEF(E MO 1’T.

‘l ’BXOUT ), and tl’~e input aI ’ gU I f l e I l t  s I- \1 IN and I’ M ( ) I  T a r e  gIven by

30
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EMIN(g / cm 2 ) = p dR

EMOUT( g/ cm 2 ) = f  ~~ p dR

with p (g / c m 3 ) being the total mass density .  R. 1 and R t are  the  dis-

tances f rom the event point to the point s of ent ry  and exit of a cell ,

measured along the ray path f rcm the event point t h rough  t h e  cell center .

For permanent use one needs to replace the HARC Subroutine

XTCOEF with the GET Vol. l2’~ equiva l en t  Subrou t i i i e s  \VOXI(I) and
WOXC (I , PMASS , FCONT ) and Funct ion EXP INTP (X1 , Yl ,  X2 , Y2 , X) .

Our DRIVER should call WOX 1(I) to read (a) the f r a c t i o n a l  x - r ay  energy

in each of 18 energy groups (SPF CX) , and (b ) the  yie ld  f rac t ion  in x m - av s

(FEDX),  and f i l l  WOX Common. One needs to change the  cu r ren t  calls

to Subroutine XTCOE F in Subroutines E U X F I T  and PHEA 1’ by calls t I

Subroutine WOXC , and take account of the fact that FCONT returned by

Subroutine WOXC is the f rac t i on  of x — ray enei-gv contained wi th in

PMA SS (g, / cm 2 ) r ather than being the f~’acti on t ransmit ted  beyond EM

(g, cm 2 ) as in Subroutine XTCOEF. One also needs to get the total  en-

ergv WB (M T)  into DEVICE Common ,  as well as conve i-t f rom MT to

ergs.
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6. DEPOSITION OF DEBRIS PARTICLES

6.1 INTRODUCTION

Befo i- e we proceed with the detailed phy sical  and geometr ic

considerations necessary fo r  deposition , we will outline the overall  pro-

cedure. The total weapon kinetic y ield is divided into loss-cone , ion-

leak, CHEX , UV , and t he rma l  energies.  Each of these energy

components , except the last , is deposited separately in the HAG. First ,

the loss-cone part ic les  are deposited in a f ie ld-al igned tube centered

about the burst-point field line. Next , the ion-leak pa rticles ai-e also

deposited within a field-aligned tube but of size di f f e ren t  f rom the loss-

cone tube. Then we deposit the CHEX pa rticles as neut i-al part icles

without any consideration of subsequent ionizat ion and magnetic field

focusing. Deposition of UV energy is discussed in Section 9.

Changes of chemical species produced in each cell by the sum

of the heavy—pa rticle energy deposit ions m cli fv the  species composi t ion

that would normally be seen by the  LV pho t on flux . Al thou gh  the  f ina l

species coin p1cm ent ma~’ d i f f e  m’ in  a heavi lv— dosed cell if the U V were

deposited fi rst , the d i f ferences  ‘i re not expected to be la r ge . In l ig htly -

closed cells , the ordei ’ I I f i r r a d i a t i o n  is pi -ob ah lv I l f m i n o r  ( ‘onsequence.

At any  rate ,  we found it ( ‘ I I n v en i e n t  to  deposit the  h e a v y — p a  r t i c le  ( n c  rg\

f i r s t  in our 1111 p l em e n t a t il  I l l .

6 . 2  I I E A V Y — P A R I I ( ’ L E  E N I : R G Y  I ()SS

,- \ c c o i ’d i ng  t O heaV\ ’ — f ) a I t i ( ’ I e  s t l lp p l n g  t h e I I I ’ V  L S— 1~3 1. t h e  dif—

le r e n t i a l  ( I l I r gy loss , I t .  I f  a pa r t i c l e  t r a \ o - I ~~i n g  I l l i t t e l  i S

- - n S( 1- 1 ) ( \  cm )  127 )
dx
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where E is the particle energy , x the distance , and n the number den-
sity of target atoms. The stopping cross-section S(E) has an elastic ’
contribution a and an inelastic portion ~~

-
~~~~~ : viz ,

S(E) = a + $-
~~~~~~ 

(eV cm2) . (28)

Values for oxygen and aluminum atom s slowing down in nitrogen are
found by direct substitution into Eqs. (2. 5) and (2. 7 ’) in LS-63. If the

particle energy E is measured in eV, the values of a and $ a i-c, fom-

oxygen ,

= 2.98 X 10~~~ [eV cm 2 (tam -get a tom) 1
1

= 1.13 x io~~6 
[e~~ cm 2 (target atom)~~ 1

and , for  alum inum ,

aAl = 47 io 14 
{eV cm

2 
(target atomi~~~]

—16 ~ 2 -1
~A1 

= 1. 52 )< 10 LeV~ cm (target  atom ) }

Note that the value of a0 is much larger than that  propagated into the
work of HM-72b f rom Appendix 4A of HL-7 1.

In Eq. (27)  it is often convenient t o int roduce the am-ea l mass

density (g/cm 2 )
-‘ d~ = inn dx (29)

t raversed by a particle in lieu of the i-ectilinear distance : i. e.

dE
ni -

~~~~~— — Si l ’ ) . (30)

H ere , am is the  mass  of a ta i ’ gvt atom . Fi-om Eq. (30) we can compute
by st i ’ai ght f o r w a r d  m t  egra t ion the  a r e m  1 mass d o n s i t  requi  red to 51 w
a p a r t i ch  f r o m  ( I l e r g \ -  F 1 to  L 2 ,
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-
~ E2

) = - rnf  ~~~~ . (3 1a)

After  inserting Eq. (28) in Eq. (31a) and integrat ing,  we obtain the

result

$ —
~~

~ E2
) = 

2rna 
(,

~ç 
- - -~~

) - ln 

~ 

(31b)

which is required for  the calculation of energy deposition in a cell. -

In our appli cation of Eq. (31b) we will normally know ~ along

the pa rticle path in a cell and the cell-entrance energy E 1 of the pa rti-  —

cle; we wi l l  then calculate the p ar t ic le  cell-exit energy E 2 by use of

the Function Rout ine  FZET which , given the ran ge, iteratively solves

for the energy in the range-energy equation. The difference E - E -

is then the total energy deposited by the particle in the cell , of wh i ch  a

fraction is due to elastic collisions and a f rac t ion  f~ is due to  in- -

elastic collisions , where —

= öE a (E 1 - E 2 ) (32a )

ÔE = a ~(E 1 E 2 )~ am ( 32b)

= (32c)

If the error  in using the f i r s t—orde r  Tay lo r  expansion of E q. (29 )  
1

is less than the corresponding to le rance  accepted in us ing  the  Func t ion

Rout ine  F Z E T ,  as is the case if the traversed am -cal d ens i t y  is very

small , we compute the cell— exit energy by using the  ( second— oi-de r)

I a v l i ) r  expansion of Eq. (30) .
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6.3  ENERGY DE POSITION OVER A DISTRIBUTION FUNCTI ON

Although Eq. (28) gives the stopping cross-section fo m ’ a mono-

energetic particle c)f energy E , the part icle emissions span a d i s t r ibu t ion
( o f energies. The sum of the elastic 

~~~ 
and inelastic (

~
) energy con-

t r ibut ions  per target atom (eV atom~~~) is

= If dE (a +~~~~~ ) (-  
=E ~E 

(33a)

‘ 0 ~

= E -
~ C . (33b)e i

with A the cross-sectional area c)f the pa rticle beam at the  deposit ion
location , E the particle energy at the sou rce prior  to penet ra t ion  o an~’
matter , E the pa m-ti d e energy at the deposit ion location af t e r  t r avc i ’sa l
of ~ (g/cm 2 ) of material , and E~ the energy lost by the pa rticle to reach
the deposition location. The energy t ransformat ion  func t ion  is jus t

dE S(E )
= S(E) (34 )

and the number-vs-energy dist r ibut ion is related to the in tegra l  number
spectrum by 

-

N (~~ E) = -f dE ~~~ . (35)

6.4  PRACTICAL LMPLE MEN ’I ’AT [QN

In the p i act i ca l  si tuation where  deposi t ion must be d lw , i n

hundreds  of cells , it is desirable t o )  have anal~-tica I  expressions t~’r the
t~~’ o ) integ i-als in  Eq. (33a). N un ibe i ’ — c l i~ t r i b u t i on  f u n ct i o n s  f o r  the  p a r t i c l e
sources oo u t l ined in Sec t ion  3. 3 do not lead t o  expressil oi ls a n a l v t i  ca l lv
1 nt en , i’a 1)1 e.
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To circumvent this diff icul ty  we have represented each con-

tinuous energy distribution by a number-vs-energy histogram of equal

energy intervals. Each bar of the histogram represents a fixed number

of particles at a single energy midway between the edge values. Each

monoenergetic beam is then deposited as a separat e source. An

attractive feature of this approach is its adaptability to any dis t r ibut ion

that may arise in the future.

6. 4. 1 Histogram Representation

If the numbei- -v s-energv dis t r ibut ion of the source function is

represented by p n ionoenergetic beams ,

= N k 
o(E - E k

) , (36)

then the elastic and inelastic energies (eV atom~~ ) deposited at a depth

~ (g/cni 2 ) from-n the source location are , from Eq. (33b) .

€ = ~ f d E  
~~~ 

N k 
ö(E - E k 

- E~ ) ( 3 7 a )

= 
~~ 

N k ; E k 
� E~ (37b)

and

C .  = ~~f d E  
~~ ~~ 

N k o(E - E k - E~~) (38a )

~~ 

N k 
- “a k 

- l ’~ : E k E~ . (38b)
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Ti m e number of particles at eneri’ \ E , I r  each part icle source fu ~~-t ion

is found f rom

N ~~~~ (39)k p E k

where W assumes , in turn , each of the values (expressed in eV of

W , Vi , , and W . Beam energies E are determ ined from the
-~cd i-ed chex k

p+ 1 hi st o g i -arn —bar  edces by

E
k 

= (E. + E 1) : 
~~ = ~~~

‘

.

. (40 )

6. 4. 2 Loss-Cone Histogram

H i s t o ran~—bar enei-gv edges for the downward- ~o i n g  loss-cone

yield is f u n d  by equating the r ight—hand side of Eq. ( 19b) to the f rac t ion

of t h e  energy below E . 1 . Expl ic i t ly  we hav e

E~ ’ 2 
- E

J 2
-H-i fl’l i f l  I -

~~~~/1’, = — i = 1, , . . , p (41)
E~’~~ _ E a ,~max n~m n

o ) I ’

1 9 -5
5/2 i 5 - 2  5 - ’E.  = E - + — ~ E - — E ’ ~ : i = 1  p 42 )i -o- I L m m p \ max n u n

wi th

E - i  . , F’ = E1 nun p~ 1 max

6 . 4 .3  Ion-Leak Histogram

F o r  the ion—lea k soum ce we use Eq. ( 2 2 )  to f i n d  the energy ~d~ es .
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E~ -I ’~~ , -
1 1 i~f l I f l  1____ _ _ _ _  — i = 1 , . . . ,  p (43)

E~ -E~~.max mm

or 

* i I -~ -12
E. E~ - ±— l E~ - E~ , : i = 1 . p (44)I nun i max mmii

L

with

E =E , E = E1 u~~ ii p ‘ 1 fl1~J(

6 . 4 . 4  CHEX Histogram

In a s imilar  mannei- we use E q. (25a) t o  f ind the energy
histogram-bai -  edges for  the CHEX-part ic le  source:

—aE . —aEi-n m i — ie
_ aE  

- 

- e ~ : i = I, . . . , p ~45)
ru in n~axe - e

or

-aE - - ‘ -aE - -all1 nimn i I nun niax IE , = - — l n e - — t e  - e1=1 a p \

= 1, . . . , p (46)
with

E =E . . F = E1 ru in p — i  max

6. 5 PARTICLE SPATIA L DISTRIBUTIONS

In addi t ion t o o  an energy d i st r i b u t i o n , each of the thr ee heav y—
part icle  s o u  rc ’es has its  own spatial d i s t r i bu t ion .  Since we did not have
t i m e  t o ’  in t roduc e the r e—di r ec t i on  ef fec ts  of the geoma gnet ic  f ie ld  in t h e
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deposition of CHEX I) a l -t idles , we assumed the particles to be emitted

with spherical  sv m m et  m y .  Howeve m - , the loss—cone and i on—leak par t i—
d e s  are guided by t h e  geomagnetic f ie ld  in the deposition processes

wi th in  tubes about the bur s t—p o in t  field l ine .  In this  se ( ’t i l  m we discuss

the deposition and the pa rticle sp atial  d is t r ibut ion  w i t h i n  these tubes:

we ignore spiral l ing effects.

Before p resen t in g  the  fom-mulas , we de ,scm -ibe the ov e i-all pro-

cedure. The d i f f e ren t i a l  f o r m  fox ’ the radial dist ri but ion o f t h e  clownwa rd—

moving loss-cone and ion-leak energies has been specified at 100-km
alt i tude by Creviei- and Kilb ~ V I .  lO T . We consider the  corresponding
integr al  dis t r ibut ion function and fo rm q concentr ic  i’ in g s in the  t an g en t

plane so that each ring contains I q of the total energy fom e i the i  the
loss-cone or ion-leak particles. We compute the locat ion (geographic
colati tude and east longitude) of the center of the  d i s t r ibu t ion  f u n c t i on .
i .e .  , the or igin of the tangent-plane coordinate sy s tem at 100-km alti-

tude , by t rac ing the event-I)oint f ield line. The soum-ce points ( in the

vicinity of the event point ) corresponding to representat ive points in the
concentric rings are determined by t racing the field lines passing t h r ough

the representative point s to their  intex-sections w i t h  the equipo tent ia l

surface through the event point .

6. 5. 1 Representation of the Spatial Dis t r ibut ion at 100-km Al t i t ude

The spatial distr ibution suggested by Vol . 10 fo r  the dow nward -

going particle- ene m - gy in the loss—cone and ion-leak tubes is of the  fo rm

W
dW = —p-- di- dc~ , ( 4 7 )

d 
~~~ [i ( i - - R ) 2]2

such that t h e  i n t e gr a t i o n  c over  the  o ’r o s s—sec tmo n a l  area of the  tube ,
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~~~~fd~~fdr —- = W , (4B)
iiR 2 0 + (r / R  ) 2~2 d

0 L 0

is just the downward- going energy . In these expressions r and c~ are
the coordinates in the tube ’ s c r - ~~~ —~~c — ~::i l I l i m i  a m e a , 

~~~ 
acquires  the

valu e W , or W . , and R acouires the  cha racter is t ic  tube radiusc d  i’t~d e
R1~ 

or ~~~ for the loss—cone and ion— leak part icles , respect ively .  Th e

Variable r is ultimately defined in Vol . 10 us the h o ,m’izo uni t  distan cc , at
100— km altitude , from the bu m - S t  — po int f ield ii iie t o ’  the f ie ld line t Im i’ ugh

a i’epresentative point .

The integral distribution funct ion  fo n the  par t ic le  e n e u o  passing
within a distance r of the event-point f i e ld  line is found from Eq. (48 ) by

integrat ing from 0 to radius r , i. e .

Wd (O , r) 1
= 1 - 2 2  ( 4 ~~)

d 1+ 1 ’  R

To av oid  the concept of a tube with in f in i t e  r adius.  we l i m i t  the m ’adiu s
of the tube to 3 R .  According to  Eq. (49 ) ,  \V

d
(O. 3R )- Wd 

0. ~
0. 90 of t h e  energy lies wi th in  the radius  3 H 

-
. I t o  ow e \ -er , we w ill r e—

~ o m ’ n o a l m z e  the d ist r ibut ion  funct i on so that the ent i re  e n e rg y  W
d is

wi th in  the radius 3 R .  Our new in t e gr a l  dis t i - i f u t i on  funct ion  fc c ’ the
radial d is t r ibut ion of the p a r t i c l e  energy is

1 2
f = - ~---~ 2 1 50a )

• 1~~~p

.h  ( r e

p i-/R . (SOb )
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If we solve Eq. (50a) for p,

[ 0. 9fp = 
[i ~~~~~~~~ 

( a l : m )

or
- I

0 .9f  ~R~ i — 0 9 f  
( Sib)

we then can compute the radius f o o r  a given value of f.  Foi the present

we are using four  u n n u l a  i rings , with outer radii corresponding t o

values of f equal to 1 - 4 , 1/ ’2 , 3/4 , and 1, and c h ar a c t e r i s t i c  circles

within these annular ring - s with radii corresponding t o o  va lues  of f equal

to i -  8, 3/8, 5/8 , and 7/8. These radii are tabulated mn Tab le 1. On

each characteristic circle we place fou m- representat ive  p o ints  at 90-deL

~nf erva1s except that we also place a representative p o i n t  at the o - o nt e r

and on the fourth cha racteris t ic  c irc le  we double the number  of points.

To the set of s equally-spaced m epresentative points on al ternate  char-

acterist ic circles , we app ly a rotat i o on ii  ocm t  the even t—p oi n t  f ield line

equal to ~,‘s. The ‘v e mu ~Wt assigned to each of the s representa t ive

points within one of the q annular r ings  is i /(qs) .  The annula r r ings ,

c h a r o r t e i ’ i s t i o ’  circles , and representa t ive  points  cur ren t ly  used am -c

shown in Fig . 8.

6. 5. 2 i i i  ~-t - :e  AU ocat io i s

The spati al a l loc ~i t i o n  of the source  part icles N k i d .  Eq. 39 ’) )

at o n e  i’ g-y 1’ k ~ SilO p h; N k qs ’) t o o r  ~V c - H f i e ld  l ine  t r a c e d ,

41



Table 1. Radii of Annular Rings and Cha racterist ic  Circles U sed
to A pproximate the Radial Distribution Function of
Downward-Moving Loss-Cone and Ion- Leak E n e rg i  t ’ S  -

Integral Fraction Outer Radius of Radius  of
of Energy , f Annular  Ring’1 Charac te r i s t i c  C ir c l e a

0 0

0.125 0 .35 0

0. 2 50 0. 539

0.375 0 . 7 1 3

0. 500 0. 904

0. 625 1 . 13 4

0. 7 50 1.441

0. 875 1 .925

1.000 3.000

a1 units of the charac teristic tube m- a d iu s  H .

6.6 STARTING COORDINATES OF THE FIELD LINES

It remains to establish the geocentric  c oordinates ( longitude.

colatitude , and geocentr ic-radius)  of each of the pam -ti d e source points

in the vic ini ty  of the event point. As mentioned above , these sou i-ce

points , corresponding to the representative points in the tangent plane

at 100—km alti tude , are determined by t r ac in g  the  f ie ld  lines pass ing

through the representative points to the i r  intersect ion wi th  the equip o—

tential surface through the event point . We now der ive the equations t o o

de termine these in te rsec t ions .

The equation for  a dipole f i e ld  l ine  is

2r = r Sl i)  \ ( u 2 )
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where m- is t he  e q u ut ~ o m ’ui l rad ius  and ~ is the dipole c h i t  tude. 0 e

r in Eq. (52 o should 10 I t be confused with the i- in H - - t on 0 , 5.1 . )  ‘Ihe

p otential func t i on  t o  I i ’  a n o u g i ~et i c  dipole is

M ’ ~-2 cos \ (53 )

where  M is the n i m a n i t u d e  of t h e  m a gn e t i c  c l i p  Ic m o n o - i l l . I I) I~ a

constant value of V.

~ -2 cos \ S \ l t  r 2 cos (54 )

where the subscr ipt  1 d e lI ct es t h e  event  p oint , S o  t i ,~~ the t c i u a t i o n  I

the equipotent ia l  curve  is 
-

~~~

[cos \r = r -——-— , a5 )
~ L~

’’° 5 ~i :

The  equation f om -  t he  field line through a s ’ii’ee point is given

by Eq. (52) wh ich  we rewrite .‘s

cos \ = I - ‘-

~~~
“

~~ 

. (56 )

1~V e l i m i n a t o o g  cos 2
~ between Eqs. (55 ) and (56 ’) , we get

4 rr o r
4 1 sr = — 1 — —
S .~C o O S  0

or

+ A B 1 x - A -~ 0 (5 8)

where
x 1 0 h II

S C
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(1 + h 1/R ~4

A = 2 
e (59 b )

c () S

B I + h R . (59c)o e

We use Newton ’s method of i te ra t ion  to  solv e the q u a m t i c , Eq. (58), for

the (reduced) geocentric radius at w h i c h  the source-point f ie ld  line

intersects the event-point equi potential surface.  Given the g e c o graphic

coordinates of a representat ive point in the tangent  plane at 100-km

altitude , Subroutine CONJUG will  t r ace  the field line throug h the Point
to an al t i tude h 5 and re turn  the desired geo centr ic  coordinates ( lat i tude

and lon itude)  of the in tersect ion of the source-point f ie ld line and the

event - point equipotential surface.

Ii .7 FIELD-LINE TRA C IN G

We need t o o  know the heavy-pa r t ic le  energy deposited in each

cell , which can be found if we ku ow the am-c al mass density along the

path w i t h i n  a cel l  (the pr oduct co t  the f i e ld—l ine  path lengt h w i t h i n  the cell

and the mass  densit - ;  in  t h e  ce l l ) .  Thus ,  we must  t race  a f ie ld  l ine

f rom the  sI on i ’cc , p o i nt  t h m ’ o o u g i i  e~i rh cell u n t i l  the bounda cv of the  HAG

is reached.

To ti-ace the f ie ld  lines we st a r t  at a given source point at alt i-

tude h 5. Given the geo og i -ap hic  c o o o o r d i n a t e s  of t h e  So  cii r o e  p o ) i n t  and a

new a l t i t u d e  h and a l t i t u d e  st e~) ~ h , w h e r e
V

h = Tm - ~~h , 60)
V S

= ~~ sin I ,

omcl I is the l ocal dip a n g l e , So ib o rou t i ne  C ( ) N I U G  ~‘i 11 r e t u r n  t h e  g e _

gr ap h i c  c 1 0 0 ) m - d i n a t e s  c o t  t h e  new a l t i t u d e  point and ~ u I o m ’ I c c l t i n e  I N D E X  ~‘i 1 1
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return the indices of the cell cont a in ing  the new point , li the new point

is in the sam e cell as the source point , a second new a l t i tude  point .

lower by an amount Ah , is selected. Again , Subrout ine  CONJUG , g iven

the geographic coordinates of the source point and the a l t i t ude  (h 5 - 2Ah )

of the second point , wil l  re turn the geographic  coordinates  o of the second

point on the f ield line and Subroutine INDEX re turns  the indices of tim e

cell containing the second point. This procedure is continued unt i l  the

cell indices indicate  the field line has exited f m o n m  the cell. An i t e m a t i v e

backup-and-boundary -crossing procedure is then followed in which  ~~~~~~~,

in i t ia l ly  set to 8 km , is repeatedly halved and the boundar y c r o o s s i n g  is

f inal ly  accepted when A’~- = 1 km. The field- line path length f r o m  the

stam -ting point t o o  the ( appm - oxin m ate )  exit point is also re turned  by Sub-

routine CON.JUG. This exit p oint is then used as a new s t a i t i n g  point

with ~~‘ = 8 km and the field line is fur them -  ti -aced unt i l  it exits time cell

from which  it last star ted.  This pr ocedure  is continued unt i l  t ime f ie ld

line leaves the HAG or unt i l  the in l o s t  enem ’ gr ’t Id ’ I)~ i t i  d c  be in g fol lowed

has stopped. This pr o o( ’edure  is then repeated U cr evei-~- source point

corresponding t o c the set of i -epr ese imtat ive points j i m the  t angen t  p lane at

100-km alt i tude.

6 .8  LOSS-CONE AND I oN -L l ;A K  P A R T I C L E  DEPO SI TI ON

E n e r gy  ( 10 p s i t  ion t o  or  lo SS—cone  and i o n — l e a k  p~’ i-ti  d e s  . whi l e

ldH ied on E qs. 3~~ i o )  and (38h ) , m u st  he done d i f f e r e n t  lv t o o  c o n ser v e

e i m e r gy explicitl y . In pa r t i c u ia i ’ , t h e  specific enel’go c —  t ei ’ g g) depos i t ed

ii i  a cell I cv lo ss— ( ‘orne and ion— leak h e a v y —  pa i -ti d o  t Ia so c c c i l i s t  ons and

ine las t i c  C co Ihsi I 015 , a r e , i- es p e d t i \ ’ e l V .

~ P
= 2 V N ( i - i , — F I

e \1 i—s Ic in cii i  k C~k
k - I
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and
€ p

E . = 
~~~~~~ 

N k(Ei - E t
) k (I - 1cxk~ 

(63)
k= 1

where E , and E are the entrance and exit energies (eV ) of the par-in out
tid e in the kth energy group, M is the cell mass in grams ,

= 1. 6 x io~~
2 erg / eV , and 1ak is given by Eq. (32a ) with an addi-

tional subscript k.

6.9 CHEX-PARTIC LE DEPOSITION

As mentioned in Section 6. 5, the CHEX-pa m-ticles are con sidem -ed

emitted with spherical syni nm et ry , or the energy emitted per steradian

is given by Wchex 4~ . Particle paths thr oug h each cell are straight  and

have a direction determined by the  line that connects time event point and

t 

the center of the cell. Path lengths within each cell , f rom ent rance to

exit , are found by the Subroutine PLINE and the intercepted steradianal

mass is given by

-~~ M~ = 
~~

P (R
~ut 

- R3 ) , (64)

Here , p is the cell mass densi ty :  R. and R are slant distances fi - coiii
- in out

the event point to the cell entrance and exit , m-e spectivelv.

The specific energies deposited in a cell by CHEX heavy -

particle elast ic and inelast ic  collisions, are , respectively .

( P N
= ‘~~~~~~— > -

~~
-
~~ 

(E.  - E out ) k ~ak 
r (o5)

~ k= 1

and
€ P N

C ’ = -

~~

-

~~ 
(E~ - E t

)
k ( 1 - 

~xk
’
~ 

(66 )

~~ k= 1
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where ,  aga in , E. and E are the en trance  and ex i t  c i l er g ie s  (eV ) of
- in out

- the pa rticle in the kth energy gioup .

I

48



7. PARTITIONIN G OF THE DEPOSITED DEBRIS ENERGY
AND CONSEQUENT SPECIES (SUBROUTINE HPCHEM)

Subi-outine HPCHEM pa rtitions the total energy lost in each cell

by loss-cone , ion- leak , and CHEX particles undergoing inelastic and

elast ic collisions. The energy is part i t ioned into heavy -par t i c le  the rmal ,

electron thermal , dissociation , ionization , excitation , and radiation. A

mod el of heavy-pa rticle prompt chemistry is also used to com pute time

changes in number densities of N2 , 02 , N(4S),  N(2D),  0, N2+ , 02-’- , N~ ,

Of , and electrons.

One of the simplifications made in depositing the heavy- part icle

energies is that the range- energy relation used in Subroutines DEPO

and CHXDEP is based on the total mass density of a cell whereas in

Subrout ine HPCHEM only the spec ies N2 , 02 , and 0 are cons idered as

targets. The modeling of the associated heavy-par t ic le  prompt chem-

is t ry  is based on a speculative treatment [HM-72b. Section 6: HL -73b ,

Section 5], modified by the need to interface with  the  l a t e—t ime  grid

chemistry.  (The rationale for  ti le heavy -pat -t i d e pr onlp t -  chenm i s t r v

modeling, to the extent it exists , wi l l  not be repeated imem ’ e . )  In th is
- ‘ , . 2  - -l a te—tmn m e chemis t ry ,  fom - a to mmc nmt rogen c o n l y  N 1 D) is c a i r i  ed as an

excited term and for  atomic oxygen only O( ’D) is accoun ted  f o o l  ( 0mm —
p l ic i t ly)  as an excited term . Thus, N~

2 P) and 0( 1S) ai- e purposely ex-

cluded as possible reaction products o of the he a vy—pa  r t icle  prompt

chemi s t ry .  Co onve i - s ion  of N~ and 0, into NO~ (the only molecula r ion

in the gr id  chenm 1st cv )  is per form ed at the b e e in n i n g  c o f  SUOI  out  l im e

PCHEM.

In Table 2 we sum n.ia r ize time reactions f r o m  m e  Lis t  i c ao md

eLi  st i ( ( ‘ 00 1 1 1  sions that are modeled in the  prompt  chem i~ t o ’~ I l’ o o o m m  l c n i v \ —

par t ic le  energy d e p o s i t  l o fl ,

49
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Table 2. Heavy-Part icle  Prompt-Chemist ry Reactions
from Inelastic and Elastic Collisions.

N u m ber - of
Branching Reactions , a~

___________ 

Reaction Ratio cnm 3

N ± e  1/ 1.35 2~N
N 2 -’~ ( n 1e 1

( N ( 4S) + N~ + e 0. 35 1. 3 5 )

C)

O + e  1- 1 . 3 5  
2LO I

~ 
O~~-’~~ 

- 
n Lel

( 0 ( 3P) + O~ e 0 .3 5/ 1.35)

0 - O~~+ e

S N( 4 S) 4 -  14 2LN 2 ]
N ‘ N( S) -i n

2 ( n c
( N (  D) 10 h 1 4  )

( 0 ( 3P) 9 ;~~4
H 3 2[02
~ 

02 “ O( P) + ( 11 
n

(o ( 1D 5/ 14 1

( O t 3P) 9 14
[0]
— i m

J L 11 c
~ 0( 1D) 5/ 14 )

a n = 2~ [N 2] 0 10 2]} + 101 = number  densi ty of nuclei .
= number densi ty of pa i-t i c le s  in cascade o f  eia st ic— cnil i so o rm e t m e i ’ gv

50
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In Subroutine HPCHEM , before  dealing explici t  iv w i t h  the  par-

t i t ioning of the species and energ ies f rom tim e inelast ic  and elastic colli-
sions , we nmust make a nunmber o ct pre l inm i na i’v steps and establish
sevei - :m I paranm eters used in the model ing.

1. From the extended cool ’e  s t co m ’a g e  for  the  cell of interest ,

obtain the total mass density p ( g ,  cm 3) and the number  dens it i e s  C m )

of N 2, 02~ 
and 0.

2. F r both the inelastic and elas t ic—coll is ion cont r ib ut  l o c u s .

sum the specific energies deposited by the loss-cone (PE I  and PEE) .

ion- leak (QE I and QEE),  and CHEX (CEI and CEE)  part icles.

e . (e rg ~- g )  PE I  ÷ QEI ± CE!

€ (e r g/ g )  = PEE + QEE -°- CEE

3. Compute the number  density  of nuclei in N 2 , 02. and 0.

n (nuc le i  cm 3 ) -= 2 -~[N 2 j + [02 11- L°i

4. Comput e the threshold—ene i ’g’v param eter used in modeling

the cascade of elastic energy .

E t ~39. 04 1N 2 ] 20. 48102 ] 25. 40 [0 ~~
- ii -

In this equation the coefficient  of [0 includes the replacement  of E iO)
i) V 

~nm~
0

~ 
° € r~°~ 

in Eq. (68) ()f 1 I \1— 72 b  (or Eq. (40 ) of H L — 7 3 b ) .

5. Cotm~put e the weighted value of the energy rem oved p er
collision in the  cascade of e last ic  ene rgy .

0eV) = C 1~N 2 I  
~ 2~°2 ’ + C3 t 0 I ~ n

w hem-c

51 
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C
1 

= 2 [9. 76 + 2. 37(1 — F9) -0 12. 0]

C2 
= 2t 5. 12 + 1. 96 F 10 -o 12. 0]

C3 = 1. 96 F10 + 12. 0

F9 = 4/ 14

F 10 - 5 14

6. Limit time specific energies to values less than those m’e-
quir ed , according to the model , for  complet e ionizat i on and (e f fec t ive)
dissociation of the N 2, °2’ and 0 densities in excess of 1. 0. Def in e

NHP (cm 3 ) = [N 7 ] 
~°2 ’ + [0] - 3.0

= 2 8 . 5 €  Nimax 1 HP

C — E d  Nenm ax I HP

where  the conversion factor  €~ is

. -1 3 -1
1
(erg e\ cm g ) = 

0
p

C = 1.60 ~ io 12 e r g - e \ ’

The fr - a c t i o n s  of N H!) destroyed by inela?tic and by e la s t i c  pm ’oCessrs
are , r e spec t ive l y ,

1 1 imax
and

g = €  €
e e enmax
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g. -, g > 1. 0 , one must i-educe € - and € Lv tim e ra t io  1- - ’ g
- e  e ‘ i e

We a r e  now r e ady  t o o  deal exp l ic i t l~ wi th  the i i m e l a s t  (‘ d o ) l l l S i o  o f l 5 .

1. Compute t h e  elect ron d e n s i t y :

[e j  = € ./(28. 5

2. Pa r t i t i o o i m  the charged species fronm inelast ic  collisi oi m s .

2 1N
[ N ]  1.35 n

1 2102 ]

n

- 0 3 5  2[N ) ]
n [e]

9~Q
+ 0.35  2~

n [e]

= ,1
~
j [eJ

[o~ 1 0~ j 2 ~~

3. l t 0 ’ ( ’ o I i d  I l i e  do 01 - i’ eSpon ding neut ral — at o n  dells it i os pi- o~du ced

in di ~ sc o iat  ftc ionizat i c o i l  in inelasl I c  co l l i  si o i l s :

N ( 15)

O~~P ) ] i°~ 2
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4. Partit ion the energy from ine l a s t i c  coll is ions int o four

modes and the fract ion of energy in eacim mode

Electron Thermal  Energy :

E ( e V - cm 3) = 1. 5 [e]

= €
~ 

E/E .

I ) i s s o  c ( ’ n l t i o o f l  Energy :

D.(eV cm 3) = 9.76 N ]  + 5 .12  [O
~ I 2

f ’ = € D. €~D l i i

Ionization Ener gy:

I(eV~ crn 3) = 15. 58 [N~ ] ~ 12.06 0 1  14. 53 [N -‘ 13. 62 {O~ ]

= €
~ 

i/€ .

11(e i’ g g)  = I

Radiation E n e i - g v :

= I — (f ~~~ -f f~ * f 1)

R.(eV/cn m 3) = fj ~ C / C  1

We no ow deal expl icit ly w i t  Im t ime e last ic col l is ions:

1. Compute time t ota l number  density of I) ar t id le s  I F on : the
ca scade  of e las t ic  enei -gv

3 4 ~~~ c~
n (c im m ) 

€
~ 

131’ -~~~~~~~
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where

- 

E t - C 3
~~~ E~~~~€

2. Part i t ion the neut ral species f rom elastic collisions. Time
Uast) particle densit ies fm - o n m the elast ic-enem ’ g-y cascade are

2 [N j
[N I nc n c

2 [O
[0] = nc2 n c

01ci im c

f [°I~
The (slow) particle densit ies f r o m  the elas t ic—energy cascade are

[N J  = I N ]cs c

[0]c25 = [0 1c2 -

3. Partition among excited states the (to ta l )  par t ic le  densi-
t i e s  fm- on i the elastic-energy cascade.

N ( 4S)] = F q I N  
~~ 

* [ N I ~5

I N ( 2 D ) J  (1 - F 9 ) N j

[o( 3P ) ]  = ( 1 - E’

w
) [0J [01 2

[0( 11))] = F 10[0J
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4. Pa r t i t i on  the  e n e r g y  f rom elastic coll isions into fou r
in odes.

H eavv —p a rt i d c  t he rma l  ene x -g -y :

- 3K~e\ / cnm = 1KE C e E~

K 1i er g ,  g) = €
~ 

K

Dissociation energy :

D (eV/cm 3 ) = 9. 76[N ] 5.1210 1 2

Excitat ion energy:

X (eV/ cm 3) = 2.37 (1 - F9 ) [N ] 1.96 F 10 {O]
~

X
1
(erg g) = 

~1 Xe

Radiation energy:

R(eV/cm 3) 12 I N I~, +

We can now conmbine the  results from inelastic and elast ic
(‘0 lii Si on 5.

1. Add the contributions f rom the inelast ic  and elastic colli-
sions to ob ta in  the total values of dissociat ion and radiat ion energies.

D (eV cm 3) = D. + D

I)
1( e r g  g) =- D

R ( e V  cm 3 
- R. + Ri e
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R
1
(erg, g) = R

2. Compute tim e total f ract ional  parti t ions of e i i e i ’  gv to or the

six modes.

= K ( C .

f , = € E (€ . + €E 1 i e

= I) ( E . +

f = € X ~- (€ . ÷ cX 1 c m  ee

= €
~, 

I (€ . ±

f = € R, ( C . + €R 1 c e

The fract ional  error in energy conservat ion is

F 1K~ ~E ~~~~~~ 
1i~~~

1Re

3. Conmput e (and collate) the  changes in spec ie s  densit ies .

2 [N]
ô[N 2 ] = - — n

2 
~~~ +

2[0 2]o[02 ] = - 

~~n [e] +

2 I N 2 1
ö~N i s i ]  = N J -~

- ( 1 -

~ F9
) n n
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2 2[N 2]O [N ( D) I  = (1- F9)

o 2102 1
[eI~ - [ O I ‘ - 2  nn 2 n c

O [e] = [e]

1 2 [N 2 ]
= 1.35 —‘h--— [e]

210 1
[02 ] = 1.35 n [e]

= 0.35 O[N~ ]

O[O~~] = 0.35

4. Compute the sunms of changes in densi t ies  of n i t rogen nuc le i ,

oxygen nuclei , and charged species as measures of conservati on e r rors .

~~ ON = 2 ~6[N 2 ] + O[N j~- + O [N ( 4s)J  + O [N ( 2D) } + O j N ’ ]

~~ 60 = 2 6to~ + 610;]: + O[O J + O[o~ ]

~~~oC = oLN J + 6[0~~ + 6j N ~ J 6[0~ ] - 6[e]

5. Compute tim e sum of ele ct ron thernmal  and O( 1D) exci ta t i o i m
energies per newly-fornmed electron.

2mm
E (eV/ e l ec t r on )  = (E + 1. 96 F 10 -R0 2 1 ~ 0. 5]0 Il _

~s)/H- -
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6. Store changes in cell quanti t ies in tempora i- v scratch am-ca
(BUF2 ) .

BUF2( 1) = O[e] BUF2 ( 7) = 6[N } -

BUF2 (2)  = O [N( 4 5)] BUF2 ( 8) = o[o~ I -

BUF2( 3) = O [N( 2D ) I  BUF2 ( 9) = E
BUF2(4) = o[O ] BUF2 ( 10) = K 1
BUF2 (5) = 6[N 9 ] BUF2 ( 11) = 6[N ]
BUF2(6) = 6102 ] BUF2(12 )  = 6[o~ ] . 

I
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8 . ORGANIZATION OF TIlE HEAVY-PARTICLE
RE LATED ROUTINES

An outline of the portion of the HAG module for - k inet ic-y ield

~) a r t i t ion i ng ,  heavy—part ic le  enel- gy deposition , and gener-ation of conse-

quent chemical  species is shown in Fi g. 9. The interface with the i-est

of the HAG module is through three  calls by Subroutine PROMPG.

The f i r s t  call (for debris)  f rom Subroutine PROMPG is t o o  Sub-

m-outine DEBRIS which  serves as a control routine for  seven subsequent

steps. Subroutine HDPART is called in Step I foi- the pa r t i t ion in g  ccl  the

kinetic y ield , given the kinetic yield , even t—p oint  mn agnetic f i e ld ,  and

event—point  nmass  density .  Step u s  accomplished with the aid of Sub-

i o u t i n e s  LOSCON , IONLEK , and CHXLOS. A re turn  to Subroutine DEBRIS

occurs with  values for the downward-moving loss-cone energy (WLCI)~ .

tim e downward-nmoving ion-leak energy (WILD) ,  the cha i-ge- exchange en-

ergy (WC HEX),  the cha m -acter is t ic  magnet ic  tube m -adi i for - loss-cone

par t ic les  (H ) and ion— leak part icles  (R . ,~,) . the  m i n i m u n m  ft and

m axinmunm 
~‘2~ 

\ ( 1 O ) ( l t i  vs ill the loss—cone energy spectrum , and time

residual ener ’gv available for  U V and the rma l  energies.

If WLCD ~ i0~~ M T.  then Step 2 is a call to Subm-outine (2ON SPC

t o o  compute time his to granm ener~n- dist  r ibu t ion  fo r  the l o s s — c o n e  Pa rticles

and Step 3 is a call to Subrout ine H I J N I /  t o  deposit the  loss-cone part icle

enem ies in a spa t i a l  tube centered about t h e  event—point  f ie ld  l ine.  Sub—

ou t  no ’s  CON JUG ,  i~FI1 - LD, and I N l i l l Y  aid in time f i e ld - l ine  t i -acing

wh i Ic Subrou t ine  DE PU does the  pa I’ ti (  Ic - i m o  - I’ ev deposition in a grid cell

an d del ect ~- the s topping lo cat i c o n s  o f  t h e  monoener ge t  i c energy Cr ups -

Subrout ine  XYZGE O p er t  r i c o  ‘
~ the  nece ssa cv t r a n s f o r n m a t  ion f rom t a n  ent —

p lane ca r tes i ;i  il ( ‘ 0 c o r d i r m ; i t e s  t o o  Ceo ( ’er it i- i F ‘a i - t e s i : in  coo rd ina te s  - When
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control  returns from Subi-outine I3LINE to Subroutine DEBRIS. every

cell that is intersected Lv the loss-cone magnetic tube has a contr ibut i on

to its specific energy .

If WILD - l0~~ N IT , then Step 4 is a call to Subroutine LE KSPC

to compute the histogram energy dis t m - ibut ion for  the ion— leak par t ic les

and Step 5 is a call to Subroutine BLINE to deposit the ion- leak pa rticle

energies in a spatial tube center-ed about the event-point field line. The

operational procedure ccl Subroutine BLINE is identical to the loss-cone

case except that the heavy particles are considered to have mass numbe m-

16 rathem - than the mass number 27 of the loss-cone particles. Aft e r

specific—energy contributions are added to cells intersected by the ion-

leak tube , control is returned from Subroutine BLINE to Subroutine

DEBRIS.

If WCHEX> 10~~ N-I T , then Step 6 is a call to Subroutine C 1IX SI ’C

to com pute the histogram energy distribut ion of the CHEX par t i c l es  ~~o o F

later use by Subroutine CHXDEP. Step 7 is the return to Subrout ine

P ROMPG.

The second call f rom Subroutine PROM PG t o o  the debris module

is to Subroutine CHXDEP , provided W C H E X >  10~~ NIT:  o t i m e r w i s e  the

call is bypassed . Contr ibut ions to time specif ic  energy Lv CHEX pa i-t ic l es

are assigned to every grid cell , provided the areal density to the cell is

less than the range of the most enem ’ get ic  CHEX part icle.

The third call from Subroutine PR ONIP G is t h e n  made. Con-

tr ibut ions to cell specific energy Lv the th r ee  pa rticle S0001’(’vS ace

sUn l fl led for  the product ion of changes in time chen-t i ca l  species. t h e r m a l

energy , and exci tat i on energy.  These lat ter  two calk f r om ~u l c i  l i t  inc

PROM PG are convenient ly nmade just p r i o r  t o o  the U V p hoton deposition
since the necessary  ce l l -ca l l ing  L o g i c  is the same.
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- Detailed flow charts for’ Subroutines BLIN E , DEPO , and CHXDEP
are given in Figs . 10, 11, and 12 , respectively.

_ _ __ _
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- 9. UV DEPOSITION

o The total computation of UV deposition requires Subroutine

EUXFI T for  f ind in g  the energy in each of the five Group-U subgroups.

Sub rout i ne PLINE for  t rac ing ray paths f rom the event point through the

- center cot  each o ct the cells in the HAG , Subroutine PINT to compute

in te o~rals 01 1 mass density and species number densities along these ray

paths , Subroutine BEDGE to find the radius (B-edge) wi th in  which only

, f t t o m i c  ions  are  formed and to comput e line in tegrals  of species densi-

t i e s  wi th in  the B-edge , Subroutine PHEAT to compute the photon f lu en i ’es

o o f  the Gi- o cup- U subgroups and to compute the total  pressure due to the
- Group- U energy deposition (and to combine it with the original pressure

- and that due t I c  Gi-oups X and H),  and Subi -outine PCHEM to compute the
prom pt chem is t ry  associated with  the Group- U deposition (and to com-

bine these i-esults wi th  those due to Groups X and H).

O 9. 1 COMPUTATION OF RAY PATHS THRO U GH TH E HAG
- , (SUBROUTINE PLINE)

9. 1. 1 Introduction

Suhi ou t ine  PLINE ti -aces ray I)athS through the  HAG. A i-a

path s tar ts  at the event point , passes through the center  of a selected
h A G  cell reg’.i rded as a target  cell , and ends as the i-av leaves the ta r g e t

o cell. We must compute the  1o, ’ng ~h O I l ’ each o o f  the line segments foi-med

by the in t e r s e c t i c o n  ( ci  the  r ay  w i t h  the in t e rven ing  cell boundai- v surfaces .
Ta i’ g o t  o ’ o ’ I l s :o r  e selected 1w Subrout ine  PRO M PG by system atically

looping O V O ’ I ’  a l l  the  co ils in  the  HAG.
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9. 1. 2 Transformat io n f r om the Quadrupole Coordinate System to
O 

the Associated Geocentric  Ca rtesian Sy stem

In Volume 16 , we hav e introduced the quadrupo le coordinate

system and given many of the details. Here , as shown in Fig.  13 , we

need to convert from quadrupole coordinates (quadrupole colatitude c~
and quadrupole east longitude ~

) and geocentri c radius i- to the corre-

sponding geocentric cartesian system in which the Z axis is t h r o u g h  the

quadrupole north pole and the X axis is through the quadrupole west

pole.

The i-equired t ransformat ion  equations are

x = r sin a cos 6

v = r sin a sin 6

z = r cos a

where  sin a is obtained by f i rs t  apply ing the law of sines to t r i ang le

P-QN-QW to obtain

sin a = s in u sin 90 ~, sin X

/ 2 i ~= s i n u - ~~1 - cos A~

and then the law of cosines for  ang les to  obta i n

cos X = - cos ~ cos 0

so that
*

- i 2 2~~s in  a = sin c~ - ~1 - cos o0-D COS 6

\*p ( n  also have

CO S a SIGN( 1. 0 , cos ~
) (i - sj n 2~ )~

75



fl 
- -

z

90/ - 

I~~~ a

/ J~~i
- 
~ ~~ ,/)‘

/ ~~~~~~~~~~~~~~~~/~~~~ o~~ ~ SJ~~~~~\~~~~ l \ / /
I / ~ ~

.— =~( Z~~\ //
I / -‘ ~~~~t A/

x —

QW

x
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— 9. 1. 3 Cell Shape

- As explained in Volume 16 , l ’ or a cell in the HAG , t hc- t O O l )

- and bottom surfaces are geocentric spherical surfaces and tI’ie fou r
- sides are mer id ian  p lanes.

9. 1. 4 Basic Formulas for Slant Range from a Given Point
- to a Cell Boundary

- - : There are three basic formulas , each one corresponding to t I i ~
intersected boundary being (a) a top or bottom bounda ry . (b) a quadru-

- . ,: pole colatitude boundar y ,  or (c) a quadrupole east longitude bo u n d a ry .

The fii-st case affords more  complicat ion than either of the r e m a i n i n g
0 two , each of which is similar t oo the other.

The quanti t ies we have as input are:

- a. Event-point quadrupole coordinates and , hence,  cal -tesi aFi
- coordinates

b. Target-point quadrupole cooi-dinates and. hence. car t e s i an
coordinates

- c. Lateral cel l—boundar y quadrupole cooord inates and t op and
-~ bottom geocentric radi i .

In each of the th iee  types of b oundary cases, the ra~’ from the
starting point (usuall y the event point , denoted by ~

) through the ta i’ get-
- cell cen te r  (denoted here by 13) 15 spec if ied  by i t s  di re el  ion cosines ,

( ‘OS a (x 3 - x 1) r 13

(‘OS ~3 (y
3 

—

CbS y = (z - z )/r  *

~~ whei -e
o [ 2 2 21*

= ‘ 13 — f ( x 3 
— x 1 ) ~ (V

3 
— ‘I~ 

(z 3 — z 1
) j

‘~0.

-1)
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- 9. 1.4. 1 Slant Range of a Ray Intersecting a Cell Top- or

Bottom-Boundary . Conside,- a Point 2 with geocentric radius r 2 on

the ray P 1P3, shown in Fig. 14. The angle 6 between the vectors

and ‘12 = ‘2 
- is specified in t e rms  of the direction cosines of the

unit vectors and ‘12 b\ the i-elation

x l y l z li~ • ?  = cos ö — c o s a 4 — c o s $ ± — - — cos~ =1 12 r 1 r 1 r 1

x 1 cos a + y 1 COS 3 z 1 cos y

2 2 2~(x 1 y i z 1
)

From the right triangle OPP 2 in Fig. 14 , we hav e

2 2 2(r 1 sin 6) ÷ ( r
1 cos ô -I- ‘12~ 

= ‘2

or

DSRR r~~ = - S2 + FGR \\‘S2

~‘here

WS2 = (S2) 2 
± (GR2 ) 2 

- GRI2

S2 = r 1 cos ô

GR2 = ‘ 2

GR12 — l’~

and FGR is chosen to select t he po~ it ive i-not 0 ) 1 -  t he smaller  of t l I e  I \Ut

posit ive l’ o n o o t s .
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9. 1. 4 . 2 Slant Range of a Ray Intersect ing a Cell Nor th -  or

South- Boundary (Specified by Quadrupole Colatitude) . In this  case we
a re  given the quadrupole colatitude (çD

2
) of the Point 2. In Fig. 15, the

line segm ent P 1P 2 is projected onto the YZ plane. Thus,

sin c 2 ‘2 y 1 
-s r 12 cos ~tan c~ - _ _ _  _ _ _ _ _ _ _ _

2 cos 
~ 2 z2 z 1 + r~~ cos ) -

( c i ’

~~~~ — Z~ , 
sin

DSRC r = _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

12 cos y sin 0
~~2 

- COS cos

9. 1.4.3 Slant Range of a Hay In te r sec t in g  a Cell East - 0 0 1 ’
West- Bounda ,-y (Specified by Qiiadrupole East Long -itude) .  In th is  case

we are given the quadrupole east longitude (oi
2
) of the P u n t  2 . In

Fig . 16 , the l ine  segment P 1P 2 is projec ted on t o )  the XY plane. Thus .

s i n  0 9 V 2 V 1 
+ r12 cos ~tan = 

~~~ x~ ‘ 12 cos a

or

V
1 

(‘OS 

~2 - x 1 S~fl 6 9DSRL i- - ‘12 (‘1)5 a sin 62 ( ° ~~~ ~ COS

9 . 1 .  5 ; \ C . o u l  ion for  Ener gy  Deposi t i on i n  the E v e n t — P o i n t  Cell

The n omina l c-eli  he i gh t s  for  both SA IH YI) and N RI .HYD, wide,’

- t~ 11i ~ i o i  Itfl (1 rezone  ( I ) f l d l t l ( 0 n 5 , a r e  idven in Tables 2 and 1 c o t  \ o l l r l l u i e

F r I ‘ t o t =~~( t a i o b - s  i t  is 5( 0 11 t h a t , t h€’ c’eU tl)i(kiWsSCS f o o ~~

- - I - t h e  c- t - l l ~ ( a n d  o ’ s } ) eCio i llv for  the  lowei ’ — a l t i t u d e  c e l l s )  ar e  m u c h
- - 1 0 . I .  I I i t i l i  I h o ’ lyp i ~ il hlt )t’ j zoont ;~ I o lj m e n s i o  otis of t h e  c o c l u i n  us w h i c h  m ay

so 
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Fig. 1 5. Geometry  Used in D e r i v i n g  Slant  R t n t .~, e o f  a t~.- o ‘ ‘  l nt er s e ct i , i g
a Cell N o r t h —  o c r  Sou th— Bounda rv ( S p e c i f i e d  by Quadrupole
Co l a t i t ude  0 2 ) . The sen i i t en t  P 1 P 2 is  projected o o I ’I t o l  the  V7
plane.
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Fig.  16. Geont e t rv  Used in D e r i v i n g  Slant Range of a f t iv L u t e i s o ’ c t  1flL~
a Cell L ’;ast — c -o r  W est — I’3ounda i- v (Specif ied by  Quad rup ole
East l on g i t u d e  6 2) . The s( og fl lent P 1 P 2 is pI ’ c n c ’ o ’ t c o l  O u T  - 0

t he  XY plane.
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be on the order of 100 km. For a small-energy event in the lower-
alti tude cells , it would be quite possible to put more energ-v into a cell
than was avail able from the event , owing  t o  c us ing a path lengt h that  was
unrepresenta t ive lv  small. We t r ied  an inte r im procedure  to re l ieve  t h i s
s i tua t ion , but the undesirable side effects  led us to delete the procedure.
Thus , we alert  the user to this potential problem which deserves rev iew

and more s t u d y .

9. 1. 6 Direct i onal  Flags and Indices of Next Set of Boundaries
to be Intersecte d

In Subroutine PLINE we use the following directional flags :

Index Value Ray M oves

IINC +1 southward
—1 n ocr th w a ,’d

n~c 0 1  eastward
I — 1  westward

KINC 
- 1 upward

- -1 downward

The in i t ia l  value of KINC is saved as the variable IUNC O.

The indices I , J . K a ie  used to den te the next  possible set of

boundaries to be in tersect e d  by the i-ay . In sta ding f rom the  event  cell
( I E C .  JEC. 1~~ C) ,  these boundary indices  are i n i t i a l l y  def ined  as

I = lI ’.~C — ( 1 — I I N C )  - 2

J = ,JEC — (1 — ~T l N C )  2

K KEC - ( 1 - KI NC ) . 2

A ~‘a lu e  o o f  I ( ins tead  of 0) f o or the f lag  LEND denotes that the
last step in the  l ine in t eg ra l  has  been r e ached .
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The index II is used to denote the number of boundaries inter-

sected by the i-av f rom the event point to the exit boundary of the target

cell.

9. 1. 7 Flow Cha rts of Subroutine PLINE

Figure 17 is a s impli f ied flow chart of Subroutine PL INE which

includes calls to Subrout ines  PINT and BEDGE . Figure 18 is another

simp lified f l o w  chart o)l Subroutine PLINE that gives informat ion  o n ly

about the computation of the ray-path segments.

9. 1. 8 Miscellaneous Functions of Subroutine PL IN E

Other miscellaneous rela t ed tasks pe r fo rmed  by Subroutine

P L I N E  include the following:

a. Set Group- U subgroup index (IGROUP ) T o o  5.

b. Zero integrals ( SNR2 (L) .  FLUX L) .  L 1.5)  c omputed  in
Subrou t ine BEDGE .

c. Zero  integrals ( SN2INT , SO2INT . SNIN T. S( .) I N T. RHO INT.
02 1N 1) computed in Subi -outine P IN ’I ’  -

d. Set f l a g  (IUFLAG) denot ing whether  or not the B—edge has
been passed.

e. Zero  in tegra l  (SR) foi -  di  s t a n c e  f r o m  event poin t  t o  cell
cut rv — I ) O i n t .

9 .2  COMPUTATION OF INTEGRALS OF SPECIES N U M B E R
I ) I - N S I I I E S  -‘cND \ IA SS I) l - N SI ’I ’IES ~-\ I ONE ~ THE RAV PATH
(SI BROU I’ LN L P IN ’I ’

Foi - the l ine  path SR ,N calculated by Subrout ine  P L I N I -  . Sub—

i’o uti i io ’  PIN’I ’ in t e g i ’ 0i to ’ s  the species number  dens ti es and mass  d e n s i t i e ~
as fol lows:
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S RN
SN2INT = f  [N2J dr , cm 2

S RN
SO2INT = f  j 0~ } dr , cm 2

S RN
SN[N T = f  [N } dr , crn ’2

S RN
SOINT = f  [ 0~ dr , cm 2

S RN
RHOIN T = f  p dr , g/cni

2

~SRN
O2INT = J p0 dr , g cm 2

0 2

The variables for  these integrals  are zeroed in Subi-out ine P L IN E .  Over

a. ray segment between SR and SRN . the  correspondin g c o n t r i b u t i o n s  to

the integrals are , respectively , DSN2I , DSO2I. l ) S N I .  I)S01 , DHRO 1 ,
.4 and l)O2INT. SPECIE (I ) denotes the concent rat i on of N ,~ O~, N . and

0, respectively , for I 1, 2 , 3 , and 4 .

When the pr ope l-ties of a par t icular  ( ‘eli  are  needed t t o  p e r form

the in t e g l a i s Subroutine PINT ra i l s  Subroutine ECRI) and t r a n s f er s

quanti t ies 2 through 11 from large cc )  i-e m em or~- t o o  smal l  (- o c I ~o ’ m em ory .

4.
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9.3 COMPUTATION OF THE A TOM IC-ION REGION (B-EDGE )
FOR GROUP-U PHOTONS (SUBROUTINE BEDGE )

9.3. 1 Introduction

As Subroutine PLINE computes the ray path f rom the event

point t o o  a target point , Subroutine BEDGE is employ ed to de te rmine  the

radius (SRR(2 ))  of the edge (B-edge ) of the region wi th in  which Group- U

ionizing photons are v e r y  strongly absorbed and pr o duce ent i re ly  atomic

ions. Subroutine BEDGE also computes (a) the line integrals , from the

event point to the B-edge , of the 02-mass density (02U) and o l  the

species densities of N 2 (SN2 U), 02 (SO2U) , N S NU ) .  and 0 ( SOC ),  and

(b) the number of ionizing-photon absorptions pci- stei ’adian that  are i-e-

qu i red to produce atom ic ions alone for Group-U Subgroup- L o SN R 2 o L ~).

9.3. 2 Simplif ied Description o c t  the  Essence of Subroutine BEDGE

To s i m p l i f y  the descri ption o ol  the essence of Subroutine BEDGE ,

we introduce 5on~ e t e r m s .  not all of which  are used in the routine.

PH OTON(L) = Number of Subgroup- L photons emit ted per st er ad i~ n
from the source.

PHOTA I3 (L) = Number  of Subgroup-L photons per s teradian used in  de-
veloping the radius  ocf  the B-ed ge up t o c  its current
radius Rc

ABSORP N u m b e r  of ion iz ing—photon  absorpt i ons per st eradiari  i - c—
quired to increase the radius of the f l y —ed ge  f rom its
cur ren t  value t o  Ii.

X M L  R A R( L )  — M a s s  at t enuat io on ~
‘ . o v f t i  cient (cm 21’g) for Sub o ;i ’ o o u p -  L

ph o tons  in Cell NC F 1.5 w i th  neut i -a l— p a i - t i d e mas s—
dens i t y  RHON (NC I - LS) .

4
sp}’:(’ll: I) X SIGI’ L.!)

1 1  
_ _ _ _ _ _  _ _ _ _— R1IUN )NC I - ; I 5°

(1 — I , 
~~~, 3, 4 (left ci es N ,). ) ,,, N 0)
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I 
EVEN = Number of absorptions per cubic cent imeter  requi red  to

get atomic ions.

2 4
= 3 ~~ 5PE CIE (I ) ~~ SPECIE (I)

-
. 1=1 1=3

- EVNPG Number  of absoi-ption s per gram i-equ i red t o o  gel a tomic
- ions.

I 
- 

= E V E N  RH ON NCELS)

If we want the Subgroup-L photons t o o  pi-oduce all at o m i c  ions

at radius R, then the condition to be s a t i s l i ed  is

PHOTON (L) - PHOTA I 3 ( L ) - A BSORP xM ua~ 1~’ L) = I- ’V N P G

R
-

- Now , multi p ly both sides of the equation by R 2, (X M I ’B A R ( L )  E V E N )

and define a new func t ion  EDGE (L ) ) c )  be the  d i f f e r e n ce  between the i i

and left-hand sides:

_ _ _ _ _ _  - {PIIO T ON (I J ) - PHOTA B (L ) - ;\ BSORP I

-

‘ 

A positive valu e for  EDGE (L) is the st e r ad i ana  I vo lume  in excess il l  l i i ,ii

for  w h i c h  the Sub group— L pho t on s  can produc t ’ :iil a t o m i c  i o o f l 5 .  A ner~i—

t i v e  value for  EDGE ( L) is the st ei-adiana l volume lo eV -  nd r adius R hat

the  Subgr oup— L ph t o 01 )5 ca.n produce all i t o  0 1 0 )  ic iOflS.  A zero value fo r

l-;DGE (L) i i i  en us th at  the  Subgroup— L 1) 10° 0 1 ons ha v e  pr oduced a t o m i c  io ns

( ‘ x n ( ’ t  1~ to t i n -  radius R.

If we reco gnize  the fac t  th a i

j  AB SORI~ 
- R

-
~~~ i: ~ ’ i : ~ 3
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then we can wri te  EDGE(L)  as

EDGE (L) = A 3R3 A~ R 2 A

where

A 3 
no 1~ 3

A 2 = 1—[ RHON(NCELS )  XMUBAR(L)I

R3
- 

P H O T A R o I . )  - PHOTON (L)
A -. 

EVEN

The equation

3 ‘- EDGE (L )  0

is solved to r the radius R by using the standard Ne wton—R a phson i i  c ra-

t ion formula :
EDGE(L , R .)

R. = R . ~~1On 1 i d[EDGE (L.R~)I dR1

9.3.  3 Flow Cha r t s  ( of Su b rout ine BEDGE

1” i gu res 19 and 20 a, re s impl i f ied  and detailed f l  cw cha i t  of

Subroutine BEDGE .

9 . 4  COMPIJTATION OF GROUP-U SUBGROUP FLUI - ’N ( ’IS S A N ] )
PROMPT h EATING (suBRou TINI:  P 1IEA 1

For each (‘eli in the h AG. Su b r ou t i  UC PHEAT (0 0!)) put  e~ (lo -

photon f l u e i i o t ’ s  O c t  t h e  Gi -ou p— U su In ~r ’ cup s and t i l t ’ t iot a I p i ’essure due I t o

the Gr oup— U o ’nc r g’v dep osition and then combines th i s  pr essu  i c  W i t h ’ .  t h e

pi’ e—eve nt p 1 ’ ~~’u i e  and t h e  p 1-es s ur es  due t o  G r - -o t i p — X  and  — 11 energy

depos it  1 0 0 1 1 5 .
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Fig. 19. Simplif ied Flow Chart of Subroutine BEDGE .
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Sit ent i  v radius to  ce l l :  SRN = exit  r ad ius .
EV EN absorp taoz i s  )c i i i 3) r equired for a tomic  ions.

SRN 3 = (SItN ) 3 
~ - ( SR) 3 

~ = s~E V EN  = 3 L S P E C I E ( I )  SP E C I K ) 2 ) ]  sp E Cl l : ( 3 )  SI ’EC IE( 4)

Sta rt w ith Subgroup 5 (h i i ’hest- energy of fou r  i on i z ing  Subgr oup-L
pho tons) .  L , ~cnowii as IGROUP in code , i~~ set to 5 in Su i , r o u f i ne
PLIN E.

K LHilT

Compute EDGE (cn~
3,’sr )  for  L =  5 and save.

EDGE = — (3, E V E N )  wu ( 5 ) /ERGu (~ ) S BE D(S )  EDGE

Compute absorp t iuo s  ( s r ~~ ) r e q u i r e d t ’~ cre i te a t o m i c  ions  across
cell ( l ) SNR2 ) .  R }t OSUM~~ ’e n i 3 ) n e u t r a l - p ar t i c l e  mass  d ens i t y .
E V N P G  = absorp t ions  (~~ ~) r equ i red  for  a t o m i c  ions
X~d U R A R ( cm 2 / g )  = n~ iss a t t enua t ion  c o e f f i c i e n t  fo r  Subgroup L.

DS NR 2 = EV EN ( SRN3 - S1t3 ’ ‘3
RIIOSUM P M N I T L 2  S PK C I E ( 1)  S P E C I E ( 3 ) 1

+ PM OXY~2 SPECIE (2 )
EVNPG EV EN/ I t I IO SUM

XMUIIA R = ( 1/ l t l tOS lJM) ~~ [SPEC IE ( l )  ‘ S I G U ( L , lfl

— _  _ _ _  _

Fi g. 20. Detailed Flow Chart of Subroutine BE DGE.
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I n i t i a lize  ah sorp t  i n s  sr 1 ) up i i  r , i l i u s  SLAB f o r  S~ I ; i r i p  L.

L ~~~~~~~ = SN R 2 I.  $ S LALIO = (SLAB)
3 $ De tou r  if  source -e ii i i ’ (’ .y 1 n~ t pos i ve .

_____ 
8t T 

_____ ______-

Save EDGE , St I l l , and SEN . Ccini 1iute new EDGE i t  r ad ius  SEN S, ,v ~ EDG EO , S l i l i ,
and SLAN f o r  use in B i se ct io n  ~N ’ i h . = ( , if necess , irv .

Rk{OTOT = RhlOltOT D SNR2 S EDG E O = EDGE FO = ED GEO

3 ~~ I 1N( 2 E ’VN P C  W U ( I (  1 XA = Slut
EDG E = ~~~ 

~~~~ 
- _ 

~~~~~~~~~ RJIOTOT - -~i~ j XB = SEN

Set coe f f i c i en t s  ‘A 1) and  A 2 (  of and LA2 in  cubic  I ‘ I = r a t i v e  s ’ ’ Iu t l ” l  ‘I f e qu a t i ’ ’n
EDGE 0. S i r e  Gr ou p — L  EDGE I i ’ r ad iu s  SEN . . v i , , , i i  t c  Gr ’ ’ . i ; ’ -  L }I - r d e e  r . i I~~
( S R I )  b y l i n e a r l y  in t e i ’p j o i n ,  b etwOen ~ R Ii  ‘ i  C ‘ ‘o l i n c  i ’  F ’ 1 . i . ~~V~i i n t  o f F 1 ( 0  I ’ ’
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9.4. 1 Group-U Energy Deposition and Fluences

In computing the Group-U energy deposition (erg/g) in a target
cell and the Group-U photon fluences (photons/cm 2 ), we treat three
cases :

Case 1 (B-edge radius (SRR(2)) smaller than target-ceil entry-radius
(SR))

We use the difference of the incident and exit values of the
steradianal energy fluence for each Group-U subgroup, divid ed by the
corresponding steradianal mass for the cell. We treat dissociating
(Subgr oup 1) and ionizing (Subgroups 2- 5) separately.

For Subgroup 1,

DAIX( 1) = 
WU( 1) 

~ ~e~~~~~~
><°2

~~ - e
_
~~~~~

t><O2
~~

UT
~

(p/ 3) (R - R .out in

where XMU1(cm 2/g) is the mass attenuation coefficient of 02 for

Subgroup- i photons , 021N and O2OUT are the areal mass densities of
02 from the B-edge to the entry and exit point s of the target cell.

Th e energy available for hydro due to Subgroup-i absorption is

DAIXU( 1) = PREFF( 1 , 2 ) X DAIX(1)

where PREFF(1 , 2) is the pressure efficiency of 02 (Species 2) absorbing
Subgroup- i photons.

For the target cell , the effective photon fluence for Subgroup 1,

consistent with the energy deposition , is

FLUX 1 - p DAIX(1)> 2 “l PMOXY
- 

~~~~~~~~~ ERGU(i)>(SIGU(1,2)
02

- 
p DAIX( 1)

— 1~51 ERGU ( 1) >~ SIGU ( 1.2 )
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since

- 
2X PMOXY

[02] p02

For Subgroups 2 through 5, the Subgroup- L energ- , absorbed
per gram is

DAIX(L) = 
WU(L ) - ERGU(L ) x SNR2(L) -SUMIN(L) 

- 
-SUMOUT(L) }

(p/3) (R t - R . )

where
4

SUM 1N(L) = ~~ SPE CIN(J) x SIGU(L , J)
J= 1

4
SUMOUT(L) = ~~ SPECOUT (J) x SIGU(L , J)

3= 1

and SPECIN(J) and SPECOUT(J ) are the areal densities of the J-species
from the B-edge to the cell entry-point and exit-point.

For Subgroup L , the average pressure efficiency for a target
cell is defined as

4
PREFF(L , J) X SPECIE(J) >‘ SIGU (L , J)

PEFBAR(L) = 
J:=1 

.

~~ SPE CIE (J) x SIGU(L , J)
J= 1

The energy available for hydro due to Subgroup L is

DAIXU(L) = DAIX(L) >’ PEFBAR(L)
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For the target cell the effective fluence for Subgroup- L photons ,
consistent with the energy deposition , is

FLUX L - 
p DAIX(L)

- 4 ERGU(L) >< XMU(L)
~~~pJ
J= i

where

4

SIGU(L , J) x SPECIE (J)
XMU(L) = ~~~~~ 

4

~~~pJJai l

The total Group- U energy available for hy dro is the sum of that
for Subgroup- i and that for Subgroups 2 to 5, i. e.

5
DAIXU = ~~~~ DAIXU(L)

L=1

Case 2 (B-edge radius (SRR(2)) greater than target-cell exit-radius
(SRN))

Inside the B-edge the internal energy is set by the expression

DAIXU = SPINT

whe re SP1N T is set in Block Data BLOC KH. The HA RC code used a
value of 2. 07 10 erg/g, whi ch w~~h ave reduced by a factor of 10 ,

12since 2. 07 10 er g/ g corresponds t o

2. 07 x io 12 erg .  g 2. 325 ’ - - io 23 
g nitrogen atom = 30. 08 -—12 ‘ ni t ro g en  atom1 . 6 > 1 0  erg, ’eV

15. 04 cha rged pa rt icle
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where [charged particle ] = ~[N ~ ] + [e]}. This energy per charged parti-

cle corresponds to a temperature of about 10 eV since the kinetic energy

per particle is (3/2) kT. Thus , we have assumed that the particles
inside the B-edge have a temperature equal to nearly 1 eV. We are

neglecting the difference between the oxygen and nitrogen mass , but this

approximation is satisfactory since the assumed value of about 1 eV is

somewhat arbitrary.

We hav e no need for the Group-U fluences at a point inside the
B-edge since it is assum ed that only atomic ions exist there.

Case 3 (B- edge radius (SRR(2)) between target-cell entry-radius (SR)
and exit- radius (SRN))

To obtain the specifi c energy available for hydro , we use a
volume-weighted average of the values for the two portions of the cell
inside and outside the B-edge. For the cell portion inside the B-edge ,

the specific energy is equal to SPIN T , as in Case 2. For the cell portion

outside the B-edge , the specific energy is determined in a manner simi-
lar to that for Case 1.

Again , we treat dissociating and ionizing subgroups separately .

For Subgroup 1 in the cell portion outside the B-edge , we have

DAIX(l) - 
WU( 1) 

~i 
-XMU 1> 020UT~- 

(p ; 3) ( R 3 
- R

3 ) 
- e

out edge

wh ere the subscript ‘edge ’ denotes B-edge and the subscript ‘ out ’ has

the same meanin g as in Case 1.

For Subgroup s 2 throug h 5 in the cell portion outside the B-edge ,

the Subgroup- L energy absorbed per gram is
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DAIX(L) = 
WU( L) - ERGU(L ) X SNR2(L) 

~ - e~~~
M0UT

~~~}(p/ 3)(R - R 3
out edge

where SUMOUT(L) is computed just as in Case 1.

The energy available for hydro due to Subgroup L is computed
jus t as in Case 1.

The total Group- U energy available for hydro in the cell por-
tion outside the B-edge is , as in Case 1, the sum of that due to the five
subgroups.

The weighted average of the values of the deposited energy
available for hydro in the two portions of the cell is taken to be

DAIXU = Wi >< SPINT + (1 - W 1) x DAIXUaverage total

where

= (R
3 

- R~ )/(R
3 

- R3 )edge in~ out in

For the cell portion outside the B-edge , the effective photon
fluences for Subgroup 1 and for Subgroups 2 through 5, consistent with
the energy deposition , are computed jus t as in Case 1.

9. 4. 2 Pressure To Be Used for Hydro

In Subrout ine PHEAT , the pressure computed from the equation
of state [p = ( y - 1) p € J  by using the total specific energy available for
hyd ro from the deposition of the Group-X , -H , and -U energies. is cur- =

rently interpreted as the total pressure. However , an electron pressure ,

% kT e~ is implied by the computation in Subroutine PCHEM where
a common temperature is found for the electron kinetic temperature ,
the N 2 vibrational temperature , and the 0( 1D)- to-0( 3P) popul ation ratio.
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It is possible that a negative value for the heavy-particle temperature

obtains when the electron pressure is subtracted from the total pressure.

Our interim procedure in Subr outine PCHEM by which we insure no

negative valu e for the heavy-particle temperature needs to be reviewed

and improved.

As an interim measure we have adopted the HA RC procedure

for limiting the amount of specific energy when the various contributions

are added to obtain SPII’~TN; how ever , the limiting term has not been

derived and needs to be reviewed and improved. Another possible

shortcoming is that the current procedure permits adding energy to a

region within a B-edge for a previous event.

9. 4. 3 Flow Chart for Subroutine PHEAT

Figure 21 is a detailed flow chart for Subrout ine PHEAT.
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10. PROMPT CHEMISTRY ASSOCIATED WITH GROUP-X AND
GROUP-U ENERGY DEPOSITION (SUBROUTINE PCHEM)

Subroutin e PCHEM firs t  combines (a) the changes in species
densities due to debris deposition , compu ted in Subroutine HPCHEM ,
with  (b) the previous species densities of a cell and then computes the
ioni zation and species densities f rom the Group-X and Group- U energy
depositions.

Subrou tine PCHEM conta ins numerous compromises and ad-
jus tments made necessary by using energy dep osition models that are
(a) instantaneous and (b) mismatched with the late-time chemistry
module s.

10. 1 DETERMINATION OF INITIA L SPECIES FOR COMPUTIN G
THE PROMPT CHEMISTRY ASSOCIATED WITH GROUP-X
AND GROUP-U ENERGY DEPOSITIONS

Before computing the prompt chemist ry  associated with the
en ergy deposi tions of Groups X and U, we must combine the changes in

species densities due to debris deposition with the previous species
densities.

The changes in the species densities and e lect ronic  thermal
and excitation energy ai’e stored in the BUF2 array by Subrou tine
HPCHEM. Thes e variables are defined in Table 3.

The incorpo ration of these changes max ’ seem t r i v i a l , but it is

corn ph cated by the facts that ( a )  the  l a t e — t i m e  chem i st  r for the HAG

treats all molecular  ions ~is  if they i i-c NO~ and I h ~ it is nec essary to

appropr ia te l y  convert the  N~ a rid O~ pr oduced by t h e  heav y— particle de—

p l l s i t i u ) n  int o NO + . This conver sion is made so as t o  conserve nuclei
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Table 3. Inputs to Subroutine PCHEM from BUF2 Array for
Those Cell Quantities Up dated by Subroutine
HPCHEM as a Result of Debris Deposition.

I BUF2( I)

1 Change in [e], cn~~
3

2 Change in [N( 4S)], cm 3

3 Change in [N( 2D)J , cm 3

4 Change in [0], cm

5 Change in [N 2 ], cm 3

6 Change in [02 ], cm

7 Change in [N ], cm

+ -38 Change in [0 1’ cm

9 Change in 0 excitation energy and electron thermal
energy per new electron (eV/electron)

10 Not used

11 Change in [N~ ], cm 3

12 Change in [0 ], cm ’3
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of a given mass number and electronic state but with only partial regard
to energy considerations. The appropriate mass conversion coefficients
are based on the same dissociative recombination produ cts of N~ , O~ ,
and N0+ used in the hater t reatment of Group-X and -U energy deposi-
tions. The assum ed dissociative recornbination products are as follows

Volume 11] :

F 4 2N
2 +e -

~ N( S ) +  N( D)

0 + e - ’  0 ± 0

N0~ + e 0 .25  N( 4S) + 0 .75  N( 2D) ~~O

To illustrat e this conversion process , we note that if we have
a NO~ molecular-ion density equal to [N ], the number of N ( 4S) atoms
we get from dissociative recombination of NO~ is only one- four th  as
many as from dissociative recombination of N .  Thus.  to the ini t ial
density of N( 4S) we must add a number equal to 0. 75 [N~1. Similarly , if

we have a NO density equal to [02 ], the number of N ( 5) atoms we get
from dissociative recombinatj on of NO~ is 0. 25 [NO 4

1 wherea: we would
get no N( S) atoms from the dissociative recomb inat ion ( I f  [O~ 1. Thus.
to the initial density of N( 4S) we must subtract a number equal to
0. 25[O ].

4 2 -To prevent the density of N( 5), N( D) , or 0 from becoming
negative as a result of converting N~ and O~ to NO + , we appropriately
reduce either the N or 0 (produced by the heavy pa rticles) and cor-
resp ond inglv increase N 2 or O2• Of course , the electron density must
be reduced to mainta in  charge conservation when we reduce the  density
of e i ther  N~ or 0 .
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More details of the steps in converting N and 0 to NO~ are

given on the first page of the flow chart for Subroutine PCHEM (Fig. 22).

We assume that [C02 ] and [He] are reduced by the debris de-

position in proportion to the [N 2 ] reduction.

10. 2 IONIZATION AND SPECIES DENSITIES FROM GROUP-X
DEPOSITION

Computation of the species densities from Group-X deposition

is done very simply.

1. Use the specific energy absorbed from Group- X deposition

(DA IXX(erg/g)) computed in Subroutine PHEAT and the mass density

(RHO(g/cm 3)) to get the corresponding energy density (DELEX (eV ”crn 3)).

2. Assume 35-eV of energy is expended in forming an ion-

pair.

3. Distribute the ions in proportion to the neutral species ,

but allow no more than one ion pair per neutral particle. Such a pre-

scri ption is perhaps unduly simplistic in view of the considerable am ount

of information available concerning x- ray and electron energy degrada-

tion in the atmosphere (see , e. g. , MS-75 , SK-75 , TA-74) : however , flu

reliable prescri ption is yet available to predict the species for  an arbi-

t r a ry  initial mix of species.

4. Assume the molecular ioos undergo instantaneous dissoci-

ative recombination in accordance with the prescript ion in Section 10. 1.

5. Assume that [C0 2 ] and [He] are reduced in proport ion to

the [N 2 ] reduction.
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Fig. 22. Flow Chart  of Subroutine PCHEM.

109



- - ~~~~~~~~~~~~~~~

Su i i i  () : i , , . 1  N nuc l e i  I i i ’ 1 , 1. -i u~ e in nra, s—f i r. ‘ . ‘ i ’v . i ’ i ’ u i r  u’ 1 , . ’ I

r S( ’\E/S - O A I O ’ .l ’  * 2 ‘ 025 • 1:011. - : - I Ou : ,

• 1-54 1,0 , 1- .52 1)S ‘ 2 1,52:’ 1- :E (us • to0 I’:  , A’SIQI,PS 

-- - ‘- - -- - - -

Ru .
~~e’. I~ \’ u u I , P I .  1) 511 1 1, 1’ 0 u > . I  ‘‘.101,13 t i  i i ,  a r k u i t r : i i ’ ’ . I , , ,  , ‘ ‘ ‘ . . , ‘ . o l i , ’r’ I and L’ ,\ , l , ’ I I . P ( f i r  O f t ’ . I r ’ ’ ’.’ , di - 1

for  p . . = ’. E i t i l .  Uuat a U , i - . ’ — 2  c e l l  O I l s’s e i t her  a C, , su - — I  ui a ( ‘ , , - ‘ u ’ — 3  c - I l -  I i ,  I ,  s o . - ,,.s of 3 i , u s i  5 , u i O C  -
as in

Case 1; I I - ,  d ,’c s h o rt  of c r 1 1  u i . t r y - 1u s ’ r n t .
Case 2 [ ) - u ’ ’ I ~~c l ’e s i u i i d  ce l l  u \ i t — l 1 . wt .
Case 3: I I-  s’ i t i ’i ’  W i t h i n  cell.

L~
or Ca s e—2 cell , t.u y p.i’- r’ x - r . i ’, di p .) ’ i l l , , ) ) . , , t ) , , r ’,i ’) se , s tai ’ t on C>se+  I and 3.

L 
Start Gruup -X Dep ositi ci n

Use Group-X absorb ed s i”  f , ,  ener ~ -,- D .AIXX S ’:’v ~ ) fr om P1)1/AT >nd density (1110 ,~ cm 3 ) t
Gr o up—X e!i u ’r)7 , ’ d e n s i t y  I ) I : t . l- .X o - V  rn) 3 ). A t P X E 1 u  c r.i3 ) = i o n — p a i r  dens i t y .  1 1 , — ) ,  ‘ ‘ > i r ’ ions iii  p r o—
port ion to neu tr a l sp e c o s :  E’.11ii ’ :I ’T = sum of n e u t r a l  s peci ’ ’ s .  l , i ! ~ i t ion d e n s i t - ,’ I - .  I ~,- c r  r , e u l r . u i ,

D E L E X  DAD(X > 0110. 1. SE- 12 S A I O X  = 13100105 30
SM E R U T  EN2S • 02 .0 - l :N OS + 1:510.0 = F.N2DS * oA1o~~ .0 S A X E / I ’ = i \ 1 ( ’ X  s7’t l N I ;L ’ T

A~~~ST =  1

= M.i ,~l C . AX liS1’  EN 2° - 1) 0205 • 11. ix O.AX D ST 02~ - 1)
ENOPX = tu l .ux lP , AX T ) S T  ‘ ENOS — I )  S E N - U I ’ S  M >,x 0 . A X T E S I  I ’ S - I S O  — I )
E N2DP X = t u t , u x - C ) , AXD ST “ E N 2 I ) S  - 1) S OPX . 1, , , ’ f l . AX D Sr  5 0-5 1111, 10 - I )

_____ __ - -

Gx’ oup-X f ina l species af ter  di ssoc iative z’ec onr l ’ ,  1-at ‘Mi.

= M:ix (t , EN2S — 1 5 2 1 5 )  5 02X 51>01 , 025 — ( ) 2 1 ’ X l
ENOX = M i x ’  1 1/SOS — I’, E O P X I
EN 4 SX = S l u s h . 1004s0 — 1- 0 - I L l ’ S  , 1, 52 1’S • 0. 25 ENOPX )
EN 2IJX = Max )1 , 1/52 1)5 - 1 0 5 2 1 1 1 ’ S f - E 2 1 ’ .\ . 0. 70 E N O P X I  S I 0 .5 - E N4 SX - 1 0 7 1 ) 5
OATO M X -~ Sl.u x l , OA ’ ) i ’ .!,- - ( 1 1 , 5  = 2 - o : t i ’x  , l - ’ Nuu1 ~x S I.El~X 

— EEl ’S  • 1,0451’S • I :N2lu I’x
OPX = 01’S ‘ OPX S 1 1 . 1 . 5  = F :Npx OPX • ,.\5E/~~p5

________ ____

Sum 0 and N nu cl e i  f u r r  n i , , s s — c o i i s e i - v a t i r u t i  check.  Redu c- i (0  i .~ atid He in p r ’ ”~~ i u ’ i  ~ ‘ ‘  ~ 2 ~~ i’ r  ‘S oc .

- OAT OSIX • 2 ‘
~ 

() 2X • I~5OX . ( I I ’ S  ‘ A ’iIOI  1’S
SI J MN X 00105 • 1/N21 )X 2 ”  E N 2 X  - 1’ . ’ 1°l - E N P X  . 5511 i l l’S
FRCOX = ‘ . 0 5 0 5 — 0t7 , 1( t 01  : 05105 5 1 - l I t ’ ’ . N s-S ‘ i N N  - 1- 1 ’ 1u 1 ’/,~ ) I s-SI NS

= (‘2, 12 111- 11525 EN: fS  $ H E X  = I l l  ‘ — I’ N 7 X  1.520 J

Fig. 22. (Continued) .
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I R O N S  F 11CO = ( 1 1( 0  = 0. 

- - 
7 - ’~~ - - - - - -
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As one of the mass conservation checks during developm ent ,
we have compared the sum s of the 0 and N nuclei after the computation

of the species resulting from Group-X deposition with the sum s before
the deposition.

If the target cell is a Case-2 cell as defined in Section 9. 4 and
again below in Section 10. 3 , no computation is made of species resulting
from Group-X deposition.

10. 3 IONIZATION , SPE CIES DENSITIES , AND RESU LTANT
PR ESSURE FROM GROUP-U DEPOSITION

In computing the species from Group-U deposition , we consider
three cases , just as we did in Subroutine PHEAT:

Case 1: B-edge radius (SRR(2)) is smaller than the target-cell  entry
radius (SR).

Case 2: B-edge radius (SRR(2)) is greater than the target-cell exit
radius (SRN).

Case 3: B-edge radius (SRR(2 )) is between the target-cell entry radius
(SR) and the exit radius (SRN).

The total attenuation factors (FSIGU(J)) are computed from the
summed products of Group- U fluences (FLUX(L), photons/cm 2 ) and

cross sections (SIGU(L , J), cm 2 ). (Recall that the Group-U fluences
computed in Subroutine PHEAT are effective fluences , consistent with
the absorbed energy computed as the difference of the (steradiana l) en.-
ergv entering and leaving the cell.) The attenuation factors are

5

FSI GU(J) = ~~ FLUX(L) X SIGU(L ,J) , J = 1, 4
L=2

FSIG2I = FSIGU(2)
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FSIGU(2) = FSIG2I + FLUX(1) x SIGU(1, 2)

where SIGU(L , J) is the absorption cross-section of Species J for
Subgroup- L photons , tabulated in Table 4 and entered as data in Block

Data BLOCKU , and where we hav e distinguished between the ionizing
(FSIG2I) and total (FSIGU(2)) attenuation factors for  02~

The tota l survival probability of Species J is

PROBSU(J) = e~~~~
G1J

~~ .

Th e probability of 02 not being ionized is

PRBS2I = e_FSI G2I

If the species densities after the Group-X deposition (but before
the Group-U deposition) are denoted by a subscript x , the initial species
after the Group-U deposition , with provision for instantaneous dissoci-
ative recombination of the molecula r ions but without production of N( 2D) ,
are [FS-73j

[N 2 }~~= [N 2 ],~ ’ PROBSU( 1)

LO 2~ 
= [02 lx

>’ PROBSU(2)

[NI U = [N l x >  PR OBSU(3) +2” LN 2lx >  FSIGU( 1)> :  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ FSIGU(i)

[O~~ = [O~~~ PRO BSU(4)- + 2 ’ - [0 2~~~ 
FSIGU(2) x 

~~I~~j J(4) FSIGU(2)

[N~~~ [N~ j 2~ [N 2lx 
- [N 2~~} + [Nlx - [N~~

[0~~ = [O~~ 2
~[02lx 

- [O2~u~
+ 

~°lx - [o]~
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Table 4. UV Absorption Cross-Sections SIGU(L , J)a

(in units of 10-18 cm 2).

SIGU(L , J)

L = 1  L = 2  L = 3  L = 4  L = 5
Species J 11. 0 eV 14. 8 eV 16. 2 eV 22. 0 eV 36. 0 eV

N 2 1 0 8 20 25 20

02 2 2 16 20 25 20

N 3 0 10 10 10 10

0 4 0 3.2 3.2 9 9

a From Table A-i of FS-73, in turn from DD-70b.

Since the Group- U deposition procedure does not provide for

either N( 2D) or NO , as an interim measure we partition the N atoms be-

tween N( 4 S) and N( 2D) according to the prescription

[N( 4S)~~ = [N~~ [N( 4S)~~ ’ [N lx

[N( 2
Dfl~ = [N~~~1 -

decrease the NO in proportion to the N 2 decrease , and increase N and

O correspond ingl y:

[NO t = [No ]~ ” PROBSU ( 1)

o[NO ] = [N0 L2~
’1 - PRO B SU(1) ’

[N( 4S) J ~ 
[N( 4s)t ~ ~ o[N0 I

[N J ~ 
-

~ [N~~ + o[No ]

[O1~ 
-. [O}

~ 
o[No ]
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To maximize the ioni zation at early t ime , as suggested by

W. Knapp, we re— establish the molecular ions produced and dissoci-

atively recombined by the Group-X and -U depositions (and allow the

molecula r ion decay to be predicted by the later-t ime chemistry module ).

The increment in such molecular ions is

DAMOLP ÔM~ = [N; ] + [o }  + [No~i~ + [N 2lx 
- [N

2 IU

+ [O}~ ÷ [NOlx - [NO~~

where

= (1 - PRBS2I)

The re-establishment of all molecula r ions as having the properties of

NO~ requires subtraction of all the products of N0 + dissociative recom-

bination from the appropriat e species so as to conserve N and 0 nuclei:

[N( 4s)~ = [N( 4S)~~ - 0. 25 X oM~

[N( 2D) 11 = [N( 2D) }
~ 

- 0. 25 ~~-‘ 6M~

[oJ~ = {01,~~~oM~

H o w ev er , if IN( 4S) 11, N( 2D) 11, or [O]~ is negative , we must  1-educe OM ’

so t hat none of them is negative.

The f ina l  values for the species densit ies after  Group-X and -I ’

d ep os i ti o ns  and re-establishment of the molecular ions are  LN 2 1,~~ [02 1U .

LN0 1~ [N I 4 S ) l f . LN ( 2D ) Ir [OI f C LN~ 1U . [O~ j~
, and [el . the electron

den71 i t v

je] = [N~ ]~ [O~~ + OM~
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where M is the molecular-ion density prior to Group-X deposition .

There remains the task of devising a t ru ly  sat isfactory pro-

cedure for  computing a pressure increment  in addition to that computed

in Subroutine PHEAT. The treatment in Subroutine PHEAT is incom-

plete because the Group-U subgroups are deposited independently 1)1 each

other across an appreciable path lengt h without accounting for  ei ther

species depletion by other subgroups or additional absorbers resul t ing

from the (instantaneous) dissociative recombination t hat is included in

Subroutine PCHEM. (Note , however , that the partial heating computed

in Subroutine PHEAT does serve the purpose of def ining effect ive flu-

ences for the Group- U subgroups that are used in Subroutine PCHEM.)

Any additional pressure increment computed in Subroutine PCHEM must

be consistent with (1) that computed in Subroutine PHEAT and with

(2) the return of pressure com puted by the later- t ime chemis try  in

CHEMEF. The problem is fur ther  complicated because the molecula r

ions which are produced by the Group-X and -U depositions and which

undergo dissociative recombination as part of the m nde1in~ in Subroutine

PCHEM are N; and 0 whereas the molecula r ions that are  re-

established are NO + ions which are carr ied in CHEMEF.  As an i n t e r i m

measure we set the pressure increment  DELP equal to zero.

To ensure that the heavy—pa rticle pressure  wi l l  a l W a v N  be

positive , we have added the elect ion pressure (computed below) to the

previously—found value for the total pressu re. This interim measure

needs to be reviewed and improved .

To compute the tempera ture  TEF taken to be com m on t r l  t h e

thermal  electrons, the N 2 v ibra t iona l  states , and the O( 1D) -to -O ( 3P)

population ratio , we use the GET-prepared  Subroutine T E X K  r \ l !. il~
w h l I / h  d et e r m i n e s  such a t e m p e r a t u r e  w h e n  4 I v e I t  ~~~ 0
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[eJ , and the energy per cubic centimeter (ET) to be divided among the

three modes. As an interim measure we compute ET f rom

ET = 2 x o[ek 
~ 

+ ô [eJ~~~ ‘/ Epe

where o[elx ~ 
is the incremental  electron density produced by the

Gi-oup-X and -U depositions , the factor 2 is an i n t e r i m  assumption  f o r

the energy in the three modes per newly-formed electron in the Gr oup-X

and -U depositions , ôt e]Hp is the incremental  ele ctron density produced

by the heavy-particle depositions . and E is the sum of the electron
1 pe

thermal  and O( D) excitation energies per newly - formed  electron in the

heavy-particle deposition , obtained from Subroutine HPCHE M.

As another of the mass conservation checks during develop-

ment,  we have compared the sums of the 0 and N nuclei  a f t er  the com-

putation of the species resulting f rom Group-U deposition with the sums

before the deposition.

As with the Group-X deposit ion .  we assume as an in te r im

measure that [C0 2 ] and [He] are reduced in proport ion to the [N 2 ]

decrease.

The foregoing describes the combined treatment of target  cells

that are Case 1 or Case 3. For Case 1, the treatment is complet e , but

for  Case 3 , the final cell properties are determ i ned by vo lun 1e-welght ln i4

the two portions , one of which is inside the B-ed ge and the other is out-

side the B-edge.

For Case 2. the ent i re  cell is inside the B- edge and the only

remaining  species are assumed to be N ’ , O f , and e. The t empera ture

of both electrons and heavy particles is taken to be 1 eV.
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The final step in Subroutine PCHEM is to store the cell quanti-

ties in temporary storage BUF 1 until the ioop over the entire colum n of
target cells is completed , after which the entire colum n of cell quanti t ies
is transferred to scratch storage in large-core memory.
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